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ABSTRACT 
Within the genome sequence assemblies of P. axillaris (PaxiN) and P. inflata (PinfS6) and 
unassembled reads, we analysed the occurrence of endogenous Petunia vein clearing virus (PVCV) 
sequences, other endogenous pararetrovirus (EPRV) sequences, LTR-retroelements, and tandem 
repeats. Petunia genomes show substantial diversity in their pararetroviral sequences as revealed in 
searches using the polymerase motif. Homologies to two genera of Caulimoviridae, Petu- and 
Florendoviruses, with more than 60% amino acid identity, were present in both genomes. Almost 
complete PVCV copies, fragments, and degenerate copies, sometimes in tandem arrays, were found. 
PVCV motifs were more frequent in P. axillaris, with the results seen in the assemblies confirmed by 
in situ hybridization of PVCV fragments to metaphase chromosomes indicating that P. axillaris is likely 
a more permissive host for EPRVs. LTR-retroelements are localised near centromeres; about 6500 full 
length elements were found in the PinfS6 assembly while 4500 were in PaxiN. Apart from rDNA, 
microsatellites and telomeric sequences, no highly abundant tandem repeats were identified in the 
assembly or raw reads. Repeat cluster analysis indicates that LTR-retroelements are associated with 
simple sequence repeats and low complexity DNA families and that repeats within Petunia are very 
diverse, with none having amplified to form a major proportion of the genome. The repeat landscape 
of Petunia is different from other species of Solanaceae, in particular the x=12 crown group including 
Solanum and Nicotiana, with a relative low proportion (60-65%) of total repeats for a genome size of 
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The genome sizes reported for 20 species within the genus Petunia are similar with a range of 1.30 to 
1.57 pg 1C for diploid species with a chromosome number of 2n=14 (Mishiba et al., 2000) 
corresponding to on average 1.4 Gb. The Petunia genome therefore is considerably larger than 
tomato and potato (900Mb and 844Mb respectively, Tomato Genome Consortium, 2012), but not as 
large as the hot pepper genome (3,480Mb; Kim et al., 2014) which contains a large proportion of 
repetitive sequences, in particular long terminal repeat (LTR) retroelements. DNA transposons have 
been described in Petunia (Gerats, 2009) and are analysed in Supplementary Note 3. In contrast, 
there are few reports of LTR retroelements including the Gypsy and Copia superfamilies. Matsubara 
et al. (2005) described the full length rTph1 element that shares features with the Copia-superfamily, 
and recently Kriedt et al. (2013) studied Petunia species relationships with the RNase H – 3’LTR region 
of eight families of Ty1/Copia –Tork clade elements that are related to the tobacco Tnt1. Both 
Ty3/Gypsy and Ty1/Copia reverse transcriptase domains were described from several petunia species 
by Richert-Pöggeler and Schwarzacher (2009). Tandemly repeated satellite DNA families in Petunia 
have not been widely reported.  
Petunia (Richert-Pöggeler et al., 2003), similar to other members of Solanaceae (Hansen et al., 
2005; Geering et al., 2014), has integrated pararetrovirus sequences. A spontaneous outbreak of 
vein-clearing disease in the hybrid species P. hybrida could be traced back to activation of Petunia 
vein clearing virus (PVCV) genomes inserted into the host chromosomes in a tandem array (Richert-
Pöggeler et al., 2003). PVCV belongs to the genus Petuvirus within the family of Caulimoviridae (King 
et al., 2012). This virus family is also referred to as plant pararetroviruses since it uses reverse 
transcription for genome amplification. In contrast to retroviruses, their genome consists of a circular 
double stranded DNA with single strand gaps (Hohn et al., 2008). Furthermore, integration into the 
host genome is not obligatory for the replication cycle of parartroviruses. Comparing the genome 
sequences of P. axillaris N (PaxiN) and P. inflata S6 (PinfS6) allows the study of the genomic context to 





Petunia vein clearing virus (PVCV) insertions 
Integrated sequences of PVCV were found in the genomic scaffolds and on chromosomes of both 
petunia species analyzed. In both genome assemblies, several arrays of almost complete genome 
length and degenerated PVCV sequences were found (Tables 1 and 2, Figure 1 and details below). 
Data obtained from BlastN searches using the whole PVCV genome of 7206 bp were filtered for 
alignments larger than 500 nt in length. For PaxiN, 30 sequences were selected that ranged in size 
from 542 to 2848 nt in length and 80-99% identity, whereas PinfS6, 9 sequences with sizes of 563-635 
nt and 78-80% identity were found. Fluorescent in situ hybridization with PVCV-specific probes 
comprising the complete viral genome created a stronger signal in P. axillaris than in P. inflata, both at 
centromeric regions of chromosomes III and VI for P. axillaris and chromosome IV for P. inflata 
(Figures 2 and 3). The bioinformatic and cytogenetic data indicate that PVCV abundance and 









































Figure 1: Full length PVCV genomes and PVCV integrations in P. axillaris N and P. inflata S6 genome assembly scaffolds. 
Integrations show head-to-tail and inverted orientations, deletions, duplications and overlapping protein motifs. For protein 
and regulatory DNA element boundaries see Tables 1 and 2.  
MP: movement protein, CC: coiled coil domain, gag:  group-specific antigen with RB (RNA binding Zn-finger motif of the 
capsid protein) and PR (protease), pol: polymerase with RT (reverse transcriptase) and RH (RNaseH); PBS: primer binding 
site comprising first 14nt of PVCV genome. Not shown are TSS (transcription start site) and Pro (Promoter) within the 3’-non 
coding region. Note that the single insertion depicted in d) for PaxiN shows 74% amino acid identity with PVCV compared to 
the single insertion depicted in e) for PinfS6 displaying 56% amino acid identity.   
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The behavior and mode of integration seem to be similar for both species: the PVCV elements 
are present as single insertions as well as small tandem arrays. The latter display deletions as well as 
rearrangements and thus are not able to generate full length infectious viral RNA molecules via direct 
transcription as reported for P. hybrida W138 (Richert-Pöggeler et al., 2003). The investigated petunia 
species differ in preservation of integrated viral sequences. Those in PinfS6 are subjected to a higher 
degree of degradation. At a stringent level of more than 2000aa and an id>70% we found only one 



















Figure 2: PVCV distribution on metaphase chromosomes P. axillaris and P. inflata  
a,b: Fluorescent in situ hybridization using PVCV probe (Richert-Pöggeler et al., 2003; depicted in red) and 5S-rDNA 
(depicted in green) counterstained with DAPI (blue) a: P. axillaris chromosome identifications are indicated; PVCV signal is 
found at the centromeres of chromosomes III and VI (this spread was reprobed with gypsy-related retroelement junction 
fragment 4-18, see Figure 3). b: P. inflata chromosome IV is identified and the location of PVCV is indicated by arrows while 
remaining dots are background signal visible due to enhancement of weak signal. x denotes stain precipitates. Bar = 10 μm  
c, d: Idiograms showing PVCV, 5S and 45S rDNA.   
  
c           P. axillaris                                     d              P. inflata 
45S rDNA          5S rDNA          PVCV        




Figure 3: Fluorescent in situ hybridization to metaphase chromosomes of P. axillaris.  
a, b, c: Chromosomes were counterstained with DAPI (shown in grey), and hybridization sites are shown in blue for the 5S-
rDNA (a) and red for PVCV (b) from the first hybridization (see Figure 2a) and in green for the Gypsy super family 
retroelement junction fragment 4-18 used to reprobe the spread (c).  
d:The overlay is a drawing of the chromosomes with overlayed and enhanced FISH signal (overlapping signal of red and 
green appears yellow; original see main text Figure 2b). Chromosomes are identified by their size and 5S rDNA signal. Two 
large and two small PVCV sites close to the centromeres of chromosomes III and VI are present while all centromeres show 




PVCV sequence insertions in PaxiN 
Highly preserved stretches of the N-terminal half of PVCV ORF1 with 99% aa identity (Table 1) 
comprising the MP consensus domain were identified in scf03256 and in scf01628. The latter scaffold 
contained at its 5’-end, nt 7239 -7835, highly preserved (96% identity) regulatory sequences out of 
the PVCV untranslated region (nt 6591 -7193) including the promoter, transcription start site as well 
as a polyA signal (Noreen et al., 2007). Both scaffolds contained also other parts of ORF1 that were 
less conserved (45 to 87% aa identity). 
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Table 1: Identified PVCV sequences within PaxiN scaffolds annotated in the assembly Peaxi162. 
Scaffold (% identity) Scaffold 
length (bp) 




FISH detection by 
PVCV probes1) 
PaxiN scaffolds with single PVCV sequences, filter: alignment length > 1500aa, id > 70%  
scf00097 (74) 2.428.612 1.178.091 - 1.184.552 11-2176 forward PVCV-L, M, R 
scf00254 (74) 1.519.427 751.256 - 744.795 11-2176 reverse PVCV-L, M, R 
scf00447 (72) 1.217.748 1.146.839 - 1.152.364 318-2176 forward PVCV-L, M 
scf00560 (74) 869.919 238.998 - 245.459 11-2176 forward PVCV-L, M, R 
scf00674 (74) 473.906 265.554 - 271.907 11-2141 reverse PVCV-L, M, R 
scf00911 (74) 507.819 34.116 – 29.446 598-2176 reverse PVCV-M 
PaxiN scaffolds with highly preserved PVCV sequences, filter: alignment length > 380aa, id = 99% 
scf03256 (99) 12295 552 - 1964 1-470 forward PVCV-R 
scf01628 (99) 9910 313-1460 50-432 forward PVCV-R 
PaxiN scf00012 with multiple PVCV sequences, filter: alignment length > 100aa, id > 40%  
scf00012 (43%) 3.935.541 2.723.442 - 2.725.583 417-1139 forward, +3 ? 
scf00012 (64%) 3.935.541 2.725.433 - 2.727.046 1088-1631 forward, +2 PVCV-M 
scf00012 (50%) 3.935.541 2.727.046 - 2.728.506 1636-2134 forward, +1 ? 
scf00012 (65%) 3.935.541 2.729.342 -2.729.914 4-198 forward, +2 ? 
scf00012 (67%) 3.935.541 2.729.863 - 2.730.255 179-309 forward, +1 ? 
scf00012 (43%) 3.935.541 2.730.362 - 2.732.368 345-1007 forward, +2 PVCV-L, M 
PaxiN scf00095 with multiple PVCV sequences, filter: alignment length > 100aa, id > 40%  
scf00095 (53%) 1.774.960 1.729.908 - 1.734.470 287-1811 forward, +3 PVCV-M 
scf 00095 (52%) 1.774.960 1.734.563 - 1.734.898 1854-1965 forward, +2 ? 
scf 00095 (63%) 1.774.960 1.739.779 - 1.737.299 1126-1956 reverse, -1 PVCV-M 
scf 00095 (64%) 1.774.960 1.742.275- 1.739.783 1059-1905 reverse, -1 PVCV-M 
scf 00095 (71%) 1.774.960 1.742.929 -1.742.255 1571-1795 reverse, -1 PVCV-M 
scf 00095 (58%) 1.774.960 1.744.585 - 1.742.936 945-1503 reverse, -1 PVCV-M 
scf 00095 (60%) 1.774.960 1.746.506 - 1.744.659 945-1569 reverse, -3 PVCV-M 
scf 00095 (44%) 1.774.960 1.747.798 - 1.746.485 497-951 reverse, -1 PVCV-M 
scf 00095 (50%) 1.774.960 1.749.980 - 1.748.940 679-1046 reverse, -3 PVCV-M 
scf 00095 (51%) 1.774.960 1.752.079 - 1.749.992 4-665 reverse, -1 PVCV-L 
scf 00095 (63%) 1.774.960 1.755.647 - 1.753.173 1221-2059 reverse, -3 PVCV-M 
 
1) For FISH stringent washing conditions were applied, therefore sequences with < 63 % of identity probably did not 
contribute to the observed signal as letters of PVCV-probes in grey indicate. “?”: identified sequences are only covered 




In total, 49 scaffolds carrying 1 to 16 fragments of PVCV-like sequences, with a majority (73%) 
containing 1 to 5 PVCV fragments of various sizes were detected in searches using a cut off >100aa 
aligned, >40% aa identity. In six scaffolds (see Table 1), large continuous stretches of integrated 
sequences homologous to PVCV (cut off >1500aa aligned, >70% aa identity) comprising ORF1 in 
forward or reverse orientation were revealed. Besides single blocks, integrated PVCV sequences were 
found as tandem array-like structures (see scf00012 and scf00095, in Table 1 and Figure 1b and c). 
Thus the following integration patterns can be distinguished for the annotated sequences within the 
P. axillaris N genome: 1) the insertion spots (scf00095, scf00012) show rearrangement and 
fragmentation or 2) the integrated PVCV sequences (scf00097, scf00254, scf00447, scf00560, 
scf00674, scf00911) cover almost the complete ORF1 region. Interestingly, four of the latter copies 
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comprise the same region of aa 11-2141 in PVCV ORF1 while the other two copies show larger 
deletion on the N-terminal end of ORF1.  
Filtered results obtained for scf00095 (id% > 40 and alignment length >100 aa) identified 11 
copies of various ORF1 fragments which can be assembled into a "tail to tail - tail to head" array. The 
first part of the array contains deletions at the N- and C- terminal ends of ORF1 as well as near the C-
terminal end. The latter is accompanied by a frameshift from +3 to +2. The "tail to head" part 
contains repetitive blocks of PVCV sequences and frameshifts (Table 1). The same filter applied for 
scf00012 revealed an almost complete ORF1 of PVCV comprising amino acids 4 to 2134 containing 
rearranged fragments, smaller deletions as well as frameshifts. For detection of PVCV sequences 
petunia chromosomes were hybridized with a mixture of three virus specific probes (Richert-Pöggeler 
et al., 2003) named PVCV-L (nt 657-1793), PVCV-M (nt 2235-5321) and PVCV-R (nt 5445-7206 and nt 
1-671) using fluorescent in situ hybridization (FISH). In Table 1 we indicated detection only for those 
scaffold sequences that either are completely covered or contain at least 180 aa in common with 
probes PVCV-L, –M or -R. We suggest that mostly the single insertions detected by PVCV-L, –M and -R 
probes are responsible for the PVCV FISH signal identified within the pericentromeric region on 
chromosomes III and VI of P. axillaris (Figures 2 and 3, Table 1). 
 
 
PVCV sequence insertions in PinfS6: 
There are two near-complete copies of PVCV ORF1 at the 5’-end of scf00235 (56% identity), 
separated by 1000nt (nt 5903-6975). Within the region separating the two PVCV copies, a domain 
identical to the PVCV primer binding site (PBS) was located at nt 6907-6920 of the scaffold (Figure 1f). 
Besides the PBS no homologies to known sequences were identified, but as shown in Table 3 this 
junction sequence was frequently adjacent to PVCV insertions. 
The strongest similarity to PVCV was found for sequences in scf00276 (Figure 1g). It contained 
a tandem array of PVCV sequences (head to tail) that were separated by 1 kb of sequences with no 
known homology (nt 1.024.645-1.025.740 in scf00276). The first copy in frame +3 covered most of 
PVCV ORF1 with a major (144 aa) and minor (3 aa) deletion at the N-terminal and carboxy terminal 
end respectively and a stop codon towards the carboxy terminal end. The 2nd copy showed deletions 
at both ends as well as in the centre of ORF1. The sequence with homology to PVCV aa 1007-1247 
was inserted leading to a duplication of the gag region. The tandem array separating sequence (nt 
1.024.645-1.025.740) was a hybrid of PVCV- and non-PVCV sequences. The latter showed no 
homology to sequences deposited in GenBank, but stretches of it could be found in scf09521 and 
scf16590 (see Table 3). 
 In scf00059, two blocks of fragmented PVCV sequences in forward orientation followed by 
clustered PVCV sequences comprising aa 4 to 2047 from PVCV ORF1 in reverse orientation were 
located at its 3‘-end. The latter contained frameshifts. In the first quarter of scf00753, a cluster of 
repetitive PVCV fragments is present, mostly in the same orientation. They are not continuous but 
separated by non-PVCV sequences. The existence of only one continuous PVCV-sequence with >70% 
aa identity found in PinS6scf00276 (Table 2, Figure 1g) compared to numerous of those identified in P. 
axillaris N (Table 1) may explain the weak detection of PVCV in the P. inflata S6 genome (Figure 2b).  
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Table 2: Identified PVCV sequences within PinfS6 scaffolds annotated in the assembly Peinf101. 
Scaffold (identity) Scaffold 
length scf 
(bp) 





PinfS6 scaffolds with single PVCV sequences, filter: alignment length > 1500aa, id > 50%, alignment length > 800aa, 
id > 65% 
scf00251 (55%) 2.742.664 2.734.378 - 2.729.603 4-1591 reverse  
scf 00844 (56%) 223.102 199.961 - 193.842 4-2059 reverse  
scf 01099 (56%) 1.012.215 295.646 - 289.527 4-2059 reverse  
scf 01671 (56%) 432.778 241.933 - 235.814 4-2059 reverse  
PinfS6 scf00235 with multiple PVCV sequences, filter: alignment length > 1500aa, id > 50% 
scf 00235 (56%) 1.810.835 6.976 – 13.095 4-2059 forward tandem array 
head to tail with 
filler (s. text) 
scf 00235 (56%) 1.810.835      2 – 5.902 78-2059 forward 
scf 00235 1.810.835 5903 - 6975 
unknown sequence (s. Table 3) 
carrying PVCV-PBS nt 6907-69 
PinfS6 scf00276 with multiple PVCV sequences, filter: alignment length > 800aa, id > 65% 
scf 00276 (73%) 1.557.018 1.018.578 - 1.024.634 145-2176 forward, +3 tandem array 
head to tail with 
filler sequences 
(s. text) 
scf 00276 1.557.018 1.024.645 - 1.025.264 unknown sequence (s. Table 3) 
scf 00276 (75%) 1.557.018 1.025.265 - 1.025.740 PVCV nt 1-476 (PBS, degenerated N 
terminal part of ORF1 
scf 00276 (68%) 1.557.018 1.025.741 - 1.028.308 145-1003 forward, +2 
scf 00276 (76%) 1.557.018 1.028.309 - 1.029.025 1007-1247 forward, +2 
scf 00276 (78%) 1.557.018 1.029.026 - 1.031.587 1248-2102 forward, +2 
PinfS6 scf00059 with multiple PVCV sequences, filter: id>50%, alignment length >100aa 
scf 00059 (61%) 1.578.608 64.320 - 65.480 4-390 forward, +3  
scf 00059 (55%) 1.578.608 66.366 - 67.226 1088-1379 forward, +3  
scf 00059 (51%) 1.578.608 76.324 - 74.510 1433-2047 reverse, -2  
scf 00059 (51%) 1.578.608 77.739 - 76.684 970-1333 reverse, -3  
scf 00059 (46%) 1.578.608 80.153 - 77.736 170-970 reverse, -1  
00059 (68%) 1.578.608 80.641 - 80.156 4-166 reverse, -2  
PinfS6 scf00753 with multiple PVCV sequences, filter: id>60%, alignment length >100aa 
scf 00753 (70%) 2.084.733 418.612 - 419.550 4-317 forward, +1  
scf 00753 (72%) 2.084.733 444.046 - 443.360 23-251 reverse, -3  
scf 00753 (73%) 2.084.733 447.339 – 446.515 1316-1587 reverse, -1  
scf 00753 (62%) 2.084.733 450.381 – 450.016 1196-1317 reverse, -1  
scf 00753 (67%) 2.084.733 452.331 – 453.290 4-324 forward, +3  
scf 00753 (69%) 2.084.733 458.072 – 459.013 7-317 forward, +2  
scf 00753 (70%) 2.084.733 472.568 – 473.221 1357-1574 forward, +2  
scf 00753 (61%) 2.084.733 475.644 – 475.988 4-119 forward, +3  
scf 00753 (74%) 2.084.733 475.958 – 476.356 110-242 forward, +2  
scf 00753 (70%) 2.084.733 477.668 – 478.750 1357-1717 forward, +2  
scf 00753 (71%) 2.084.733 480.792 – 481.346 4-189 forward, +3  
scf 00753 (65%) 2.084.733 483.902 – 485.188 1130 - 1561 forward, +2  
scf 00753 (68%) 2.084.733 486.922 – 487.746 4-279 forward, +1  
scf 00753 (71%) 2.084.733 502.531 – 502.031      113-279 reverse, -3  
scf 00753 (61%) 2.084.733 502.856 – 502.530      4-113 reverse, -2  




Table 3: Scaffolds with sequences associated with PVCVs  
scf number 
(identity) 
scf Length (bp) location in scf orientation, association with PVCV 
sequences (Ps) 
PVCV-sequences containing scaffolds with similar sequences to PinfS6 scf00235_nt5903-6975 including 
PVCV-PBS at nt 6907-6920 1) 
scf00059 (92%) 1.578.608 68.896 – 67.916 reverse, between Ps 
scf00235 (100%) 1.810.835 5.903 – 6.975 forward, between Ps 
scf00235 (99%) 1.810.835 13.095 – 13.871 forward, no association with Ps 
scf00753 (92%) 2.084.733 456.955 – 457.923 forward, upstream Ps with gap 
scf00753 (94%) 2.084.733 479.737 – 480.702 forward, upstream Ps 
scf00753 (94%) 2.084.733 492.613 – 493.385 forward, between repetitive Ps with gaps 
scf00753 (93%) 2.084.733 438.095 – 437.356 reverse, between Ps with gaps 
scf00753 (95%) 2.084.733 444.927 – 444.189 reverse, downstream with gap Ps 
scf00753 (92%) 2.084.733 503.928 – 503.327 reverse, downstream with gap Ps 
scf00844 (99%) 223.102 193.842 – 192.768 reverse, upstream Ps 
scf01099 (100%) 1.012.215 289.527 - 288.522 reverse, upstream Ps 
scf01671 (99%) 432.778 235.814 - 234.820 reverse, upstream Ps 
Scaffolds with fragments similar to parts of sequence PinfS6 scf 00276, nt 1.024.645 - 1.025.264 
scf09521 (92%) 17538 8.085 – 8.285 forward 
scf09521 (87%) 17538 8.318 – 8.510 forward 
scf16590 (95%) 13872 11.193 – 11.038 reverse 
1) This sequence shows no homology to known sequences and was found in all PVCV containing scaffolds 
mentioned in Table 2, with the exception of scf00276. 
 
 
Similarity analysis of selected integrated PVCV sequences within PaxiN and PinfS6 genomes 
 
Similarity analysis of aligned amino acid sequences from the nearly full-length PVCV insertions 
identified within the petunia genomes revealed two major clusters for chromosomal PVCV sequences 
(Figure 4). The tree topology supports the hypothesis that after speciation there had been at least 
two separate invasion events of petunia genomes by episomal PVCV sequences (Staginnus and 
Richert-Pöggeler, 2006). At an earlier event only P. inflata has been affected which is also illustrated in 
a lower value of sequence identity (Table 2). A second round of invasion included both P. inflata and 
P. axillaris genomes. This clade also includes episomal PVCV, and it probably has contributed to the 
tandem array structure of inducible endogenous PVCV existing after genome hybridization in P. 
hybrida (Richert-Pöggeler et al., 2003). Here the almost full-length single copies of PVCV show a 
slightly higher degree of preservation for the P. axillaris N genome. Evolution within the genome 
resulted in deletions, amino acid exchanges and ORF disruption by a stop codon in case of PaxiN 
scf00447 and scf00674. In the P. inflata genome context, detrimental forces seem to act more 
strongly on foreign DNA. The PVCV continuous copy PinfS6 scf00276 carries not only a stop codon but 
also an amino acid exchange (aspartic acid D to aspartate N) within the reverse transcriptase 
consensus domain “VYIDDVLL” common to a broad range of retroelements (Richert-Pöggeler and 
Shepherd, 1997). Adjacent to the full-length copy fragmented and rearranged PVCV sequences are 
located in PinfS6 scf00276. Most likely they originate from the same integration event since the 
fragments show similar values for amino acid identity and PVCV sequences within the tandem array 






















Figure 4: Similarity analysis of PVCV ORF1 insertions within P. axillaris N and P. inflata S6 genomes.  
The evolutionary history was inferred by using the Maximum Likelihood method based on the JTT matrix-based model 
(Jones et al., 1992). The tree with the highest log likelihood (-7930.8490) is shown. The percentage of trees, cut off > 70, in 
which the associated taxa clustered together, is shown next to the branches. Initial tree(s) for the heuristic search were 
obtained automatically: when the number of common sites was < 100, or less than a quarter of the total number of sites, 
the maximum parsimony method was used; otherwise BIONJ method with MCL distance matrix was used. The tree is drawn 
to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 14 amino acid 
sequences. All positions containing gaps and missing data were eliminated. There were a total of 923 positions in the final 
dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011). The Gypsy virus –gy of Drosophila 




Comparison of EPRV diversity in PaxiN and PinfS6 
 
The pol region comprising the reverse transcriptase and RNase H is the most conserved motif of 
EPRVs. To identify additional PVCV insertions and EPRV diversity, scaffolds were searched for 
Caulimoviridae pol-like domains using the PVCV pol-region comprising aa 1425 to 1804 and 
Caulimoviridae sequences with homology to the PVCV pol-region as identified in BLASTp searches. 
These include pol-like regions with homology to bacilliform pararetroviruses illustrated by Banana 
streak OL virus and Rice tungro bacilliform virus and sequences from the genera 
Caulimo/Cavemovirus both displaying isometric particle morphology and a putative pararetrovirus 
with unknown morphology, Aristotelia chilensis vein clearing virus. Sequences were investigated 
further if the alignment length was >200 amino acids, or if the identity was >60% in case of PVCV and 




































Figure 5: Distribution of EPRV pol-like sequences in PaxiN and PinfS6 assemblies.  
a. Numbers connected with columns indicate average amino acid identity in % of the identified pol region compared to the 
corresponding EPRV.  
b. Insertion numbers per scaffold (scf) of pol-like petu- and florendovirus sequences PVCV: Petunia vein clearing (Petu-) 
virus; CaMV: Cauliflower mosaic (Caulimo-) virus; CsVMV: Cassava vein mosaic (Cavemo-) virus; RYVV: Rose yellow vein virus 
(unassigned genus); ArCVCV: Aristotelia chilensis vein clearing virus (unassigned genus). BSOLV: Banana streak OL (Badna-) 
virus; RTBV: Rice tungro bacilliform (Tungro-) virus; VvinBV: Vitis vinifera B (Florendo-) virus isolate -compAsc1 and StubV: 
Solanum tuberosum (Florendo-) virus isolate -scSt1. The corresponding known episomal viruses displaying different particle 
morphologies: isometric shape for PVCV, CaMV, CsVMV and RYVV, bacilliform shape for BSOLV and RTBV. For ArCVCV, 


















The two petunia genomes differ slightly in content and diversity of pol-like regions 
homologous to endogenous pararetroviruses (EPRVs, Figure 5a). In most cases, only one conserved 
motif was found on a scaffold (Figure 5b). The most abundant pol-like consensus sequences in both 
genomes, belonged to Petu- and Florendoviruses. Those showed also a high degree of conservation 
illustrated by 68-75% of sequence identity (Figure 5a). Multiple insertions of three different EPRVs 
with homology to Petu-, Badna- and Florendoviruses were only found in PinfS6 scf00909. PVCV-like 
sequences with 4 separated insertions within the first quarter of PinfS6 scf00909 were accompanied 
by 2 StubV-like and 1 BSOLV-like sequences closer to the 3’ end of the scaffold. In PinfS6 scf00073 the 
two Florendoviruses were found at opposite ends of the scaffold with one insertion each. In PinfS6 
scf07983 a StubV-like pol-region was found closer to the middle of the scaffold whereas two VvinBV-
like insertions were positioned at the 5’ end and 3’ end respectively. Only PaxiN_scf00380 harbored a 
combination of the two investigated Florendoviruses at its 3’end consisting of two StubV-like pol-
region and one VvinBV-like element. The observed higher variability regarding numbers and 
conservation among Florendoviruses in PinfS6 compared to PaxiN (Figure 5) might indicate various 
time points of invasion. 
Other EPRV-like sequences were more degenerate with respect to the full-length virus 
sequence, showing an average of 49% identity. Multiple occurrences of the same or distinct elements 
on single scaffolds occurred less frequently, and the motifs were separated by several kb, and did 
occur in tandem repeats. Examples of linked elements include scf00027 of PaxiN with both PVCV-like 
and CaMV-like domains; scf00654 with both PVCV- and RTBV-like sequences; scf00514 of Pinf6 with 






LTR-STRUCT (McCarthy et al. 2003) was used for de novo retroelement searches in the assembled 
scaffolds. In P. inflata S6, a total of 595 RT (reverse transcriptase) active site types, 914 PBS (primer 
binding site) types, and 996 PPT (polypurine tract) 5’-end types were found from a total of 7354 LTR 
retrotransposons of which 4147 had RT domains. In PaxiN, 4573 LTR retrotransposons were found of 
which 1,850 included an RT region. These ranged between 1,183bp and 24,737 bp and had LTRs of 
76bp to 5344bp. They were classified into Ty3/Gypsy (Metaviridae) superfamily and Ty1/Copia 
(Pseudoviridae)-superfamily elements by their gene order; Gypsy elements having the order RT-RH-
INT (integrase) while in Copia elements the order is INT-RT-RH (see Hansen and Heslop-Harrison, 
2004). 52% of the retroelements were categorized as Gypsy superfamily, and most of the remaining 
were Copia superfamily elements. Twelve selected elements were annotated in Geneious with a local 
database of motifs taken from the LTR-STRUCT analysis and from Hansen and Heslop-Harrison (2004). 
The most common retroelement families including Athila and Cyclops Gypsy-like elements and BARE 
Copia-like elements were found, but some showed various insertions, deletions and inversions (see 






Figure 6: Annotation of the Copia BARE-like LTR retroelement 86. It was identified by LTR_STRUC analysis of PaxiN 
assembly Peaxi162 with Ps20000_RT19_B1_L41_86, is 7418 bp long and contains LTR 41 (red) at each end (447bp and 
451bp with 96.9% homology), protein binding site (PBS, cyan), the aspartic protein gene (BARE-1_APR, yellow), integrase 
(BARE-1_INT; magenta), a functional RT region (BARE-1_RT, blue) with the putative active sites SYDDVLF and YVDDILM, 




Figure 7: Annotation of the Cyclops Gypsy-like element 414. It was identified by LTR_STRUC analysis of PaxiN assembly 
Peaxi162 with Ps15485_RT49_B65_L129_414; it is 13252 bp long and contains LTR 129 (red) at each end (1307bp and 
1306bp with 96.9% homology), primer binding site (PBS, cyan), integrase (Athila_int and overlapping split Cyclops_INT, 
magenta), RNaseH (Cyclops_RNaseH, green), a functional RT region (Cyclops_NT, blue) with the putative active sites 
FLDDLLF and WLDDGII, that is inverted between nt5,708 and nt 11,150, an aspartic protease motif (Cyclops_APR, yellow) 






from nt 2,460,000 
to 2,990,000 using 
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analysis (LTR TRAct, 
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Retroelement and endogenous PVCV relation  
 
During the analysis of lambda clones obtained from screening a genomic DNA library of P. hybrida 
(Richert-Pöggeler et al., 2003) it was noted that Metaviridae (LTR-Gypsy superfamily) sequences were 
adjacent to integrated PVCV sequences. One such sequence, the 1.2 kb Gypsy superfamily 
retroelement junction fragment 4-18 (1,233bp;nt 4483-5715 of GenBank AY333912, P. hybrida 
lambda clone 4, Richert-Pöggeler et al., 2003) was used for FISH experiments to P. axillaris 
chromosomes (Figure 3c and d). A strong signal is visible at the centromeres of all chromosomes and 
next to or interspersed with both the strong PVCV signal on chromosome III and the weaker PVCV 
signal on chromosome VI. To further analyse the surrounding sequences of PVCV, scf00012 of PaxiN 
was annotated (Figure 8). Many gag-pol regions indicative of LTR retroelements were found including 
some in the immediate vicinity of the PVCV tandem array. 
Because of the distribution of fragment 4-18 (Figure 3c and d), scaffolds of PaxiN assembly at 
least 500kb in length were searched by BlastN to identify sequences related to fragment 4-18 that 
were at least 150 bp long. Within scaffolds scfs0000-scfs0999, 635 scaffolds contained at least one 
copy, but only 7% of scaffolds had more than a total of 1% of sequences homologous to 4-18 and only 
9 clones contained 3-6% (see Figure 9A). Longer scaffolds on the whole contained less 4-18 related 
sequences, while not all but some shorter scaffolds have more (see Figure 9B). Possibly, this is an 
under-representation and unassembled shorter reads need to be checked. Results for scaffolds 
scf00012, scf00095 and scf00097 that also contain PVCV are given in Table 4. Interestingly only in 
scf00012, a larger number (58, 0.9%) of 4-18 related sequences were found, three copies in the 
vicinity of PVCV.  
 
a                                            b 
 
 
Figure 9: Percentage of sequences longer than 150bp and homologous to Gypsy gag-pol 1.2kb fragment 4-18 in P. axillaris 
N scaffolds. 
a. Arranged by increasing frequency in scfs 0-999 
b. Plotted against scaffold length of all scaffolds with a length greater than 500kb; scaffolds without 4-18 sequences are not 
plotted; scaffolds 0-999 blue, remaining red 
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Table 4: Gypsy superfamily retroelement junction fragement 4-18 in scf00012, scf00095 and scf00097 of PaxiN 
assembly Peaxi162. These also contain PVCV sequences. Hits longer than 150 bp are listed with start and end for 
hit (scf) and query (4-18 fragment) as well as total number of hits, length and proportion in scaffold highlighted 
















scf00012   187       51,828     51,642  1219 1405 84.8% 1.73E-48 
scf00012   522       88,675     88,154  465 937 67.5% 8.97E-46 
scf00012   670     154,346   153,677  3 663 73.2% 1.16E-107 
scf00012   649     159,814   160,462  6 612 66.0% 1.02E-38 
scf00012   455     174,278   174,716  1324 1778 78.0% 3.56E-95 
scf00012   409     180,259   180,650  1370 1778 78.9% 4.06E-88 
scf00012   1113     230,971   232,083  3 1105 85.0% 0 
scf00012   938     389,698   390,635  6 889 65.2% 1.97E-60 
scf00012   700     399,287   399,986  6 663 66.5% 2.57E-46 
scf00012   205     424,250   424,046  1410 1614 83.3% 7.36E-47 
scf00012   353     430,032   429,681  1426 1778 76.0% 1.17E-50 
scf00012   342     430,554   430,222  1324 1665 76.1% 2.74E-52 
scf00012   1120     502,183   503,298  1 1120 85.4% 0 
scf00012   992     535,999   535,008  6 907 63.9% 4.96E-49 
scf00012   700     596,817   596,118  6 663 65.9% 3.57E-38 
scf00012   1110     665,804   666,913  1 1105 85.2% 0 
scf00012   695     682,086   681,392  6 663 66.9% 4.96E-49 
scf00012   385     716,677   717,061  6 372 71.2% 2.11E-47 
scf00012   491     724,892   725,382  495 936 65.6% 4.96E-30 
scf00012   1149     738,774   737,626  1 1120 79.2% 0 
scf00012   977     760,183   761,159  6 923 63.1% 4.96E-30 
scf00012   415     774,848   774,464  1364 1778 74.6% 1.97E-60 
scf00012   564     791,730   791,230  1215 1778 69.2% 5.29E-55 
scf00012   1105     869,720   870,819  1 1105 86.3% 0 
scf00012   984     915,597   916,580  6 936 67.3% 4.64E-81 
scf00012   237     954,226   953,991  1191 1427 84.8% 3.81E-63 
scf00012   913     957,558   956,646  21 897 70.6% 2.57E-65 
scf00012   434     961,128   960,709  1219 1652 80.5% 6.44E-92 
scf00012   698     962,392   961,695  6 663 65.7% 1.02E-38 
scf00012   954     985,715   984,762  6 907 63.5% 1.42E-30 
scf00012   608     990,652   991,224  1171 1778 72.3% 6.88E-79 
scf00012   199    1,010,491  1,010,688  465 663 75.1% 2.57E-27 
scf00012   976   1,022,877  1,021,902  6 935 67.9% 1.33E-100 
scf00012   589   1,082,067  1,082,655  37 616 75.4% 6.43E-111 
scf00012   266   1,083,013  1,083,278  674 937 71.9% 4.65E-24 
scf00012   345       1,157,369   1,157,025  1435 1778 75.7% 4.07E-50 
scf00012   265       1,157,894   1,158,158  674 937 72.1% 1.09E-25 
scf00012   1036       1,177,630   1,176,595  6 937 64.1% 4.96E-49 
scf00012   265       1,179,759   1,179,495  674 937 73.1% 4.96E-30 
scf00012   234       1,180,756   1,180,523  6 230 71.8% 2.57E-27 
scf00012   388       1,183,735   1,183,348  6 375 68.4% 1.42E-30 
scf00012   229       1,206,353   1,206,126  3 231 72.5% 3.13E-26 
scf00012   229       1,218,306   1,218,079  3 231 73.9% 6.05E-29 
scf00012   487       1,245,074   1,245,539  1169 1655 68.5% 2.75E-33 
scf00012   458       1,257,141   1,257,598  1 449 83.4% 2.4E-135 
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scf00012   296       1,281,496   1,281,783  1483 1778 75.7% 5.66E-42 
scf00012   408       1,288,213   1,288,613  1371 1778 72.7% 4.96E-49 
scf00012   1332       1,298,230   1,299,509  442 1773 73.2% 0 
scf00012   810       1,327,235   1,326,430  311 1120 85.1% 0 
scf00012   288       1,328,193   1,327,906  1 288 89.6% 2.1E-104 
scf00012   1134       1,372,898   1,371,765  1 1120 84.8% 0 
scf00012   648       2,665,696   2,666,283  1100 1747 85.8% 0 
scf00012   179       2,671,061   2,671,239  1597 1775 99.4% 2.56E-84 
scf00012   976       2,881,365   2,882,340  34 937 64.9% 1.42E-49 
scf00012   949       3,006,423   3,005,475  11 886 65.1% 5.29E-55 
scf00012   691       3,401,387   3,402,077  6 663 67.1% 7.86E-34 
scf00012   695       3,479,170   3,478,476  430 1120 85.8% 0 
scf00012   347       3,480,607   3,480,261  1 347 89.1% 4.94E-125 
scf00012 SUM 3,935,541  35793 0.9095%             
number of hits   58               
scf00095   234     475,877   476,110  231 6 72.3% 7.37E-28 
scf00095   195     484,575   484,381  231 37 73.8% 3.82E-25 
scf00095   492       1,094,204   1,094,695  937 493 65.9% 1.42E-30 
scf00095   226       1,094,981   1,095,206  231 6 74.8% 7.86E-34 
scf00095   700       1,483,284   1,483,983  663 6 67.4% 2.74E-52 
scf00095   1192       1,491,641   1,492,832  1191 1 82.3% 0 
scf00095   231       1,541,528   1,541,758  936 706 73.4% 8.97E-27 
scf00095   691       1,542,092   1,542,782  663 6 65.0% 3.82E-25 
scf00095   668       1,551,339   1,550,672  663 1 75.4% 4.06E-126 
scf00095   265       1,558,575   1,558,839  935 674 70.6% 1.33E-24 
scf00095 SUM 1,774,960  4894 0.2757%             
number of hits   10               
scf00097   990     193,085   192,096  923 6 62.7% 1.33E-24 
scf00097   640     197,909   198,548  663 39 69.8% 1.73E-67 
scf00097   700     258,127   257,428  663 6 66.8% 4.07E-50 
scf00097   233     323,849   324,081  906 674 75.1% 1.52E-36 
scf00097   473     324,118   324,590  889 465 65.3% 3.13E-26 
scf00097   235     324,848   325,082  231 6 71.9% 7.37E-28 
scf00097   697     508,542   507,846  663 6 66.7% 2.74E-52 
scf00097   265     509,117   508,853  937 674 75.0% 4.35E-37 
scf00097   1200     576,557   575,358  1199 1 84.2% 0 
scf00097   1199     856,964   858,155  1199 1 79.5% 0 
scf00097   179       1,304,062   1,303,891  1773 1595 80.1% 4.96E-30 
scf00097   1195       1,308,810   1,307,626  1195 1 86.5% 0 
scf00097   179       1,309,276   1,309,099  1773 1595 82.5% 1.25E-37 
scf00097   422       1,416,974   1,416,553  1778 1368 75.3% 4.64E-62 
scf00097   280       1,489,752   1,490,031  937 674 70.9% 6.05E-29 
scf00097   199       1,490,342   1,490,540  663 465 74.8% 3.82E-25 
scf00097   195       1,850,949   1,851,143  231 37 74.4% 8.97E-27 
scf00097   863       2,225,747   2,226,609  1105 249 85.8% 0 
scf00097 2,428,612  10144 0.4177%             




K-mer analysis in P. axillaris N 
 
K-mer frequencies (measurements of the occurrence of each sequence motif k bases long in raw read 
data) are independent of assembly algorithm and thus an unbiased method to access the repetitive 
portion of a genome. Genome repetivity was assessed via 16- and 32-mer frequencies (Figure 10a 
and b) as in the tomato genome (Tomato Genome Consortium, 2012, Supplementary Figure 42) and 
were overlaid onto the tomato, potato and sorghum data (Figure 10c). The P. axillaris genome is 
larger than tomato and potato, so it should be expected that the slope indicates larger repetivity, and 
16-mers occurring ≥10 times account for 50% of the genome, approximately twice the frequency in 
the smaller solanaceous genomes. However, interestingly for 16-mers occurring ≥ 30 times, the 
Petunia slope follows sorghum, even though the sorghum genome is only half the size of Petunia. It is 
notable that the top 10-20 most frequent k-mers are composites of AT, AAT, AG, A, C and AAG 
microsatellites. Larger abundant k-mers were also analysed, and for example some 54-mers and 64-
mers have a few thousand repeats in the genomes, but only short tandem arrays with 10-20 copies 
were found in scaffolds suggesting that the assembly had collapsed some arrays of near-identical 
repeats. 
In an attempt to identify larger tandem repeats in P. axillaris, 128-mers (Table 5) that were 
repeated more than 1001 times (in total 2347 of them) were subjected to a de novo assembly. They 
assembled into contigs with the largest of 1943 bp, 531 bp, 185 bp and 175 bp. The contig of 1943 bp  
has a total of 8,217 hits in PaxiN assembly and was found to be part of a Gypsy superfamily LTR-
retroelement. There are some small duplications/tandem repeats within this large repeat and it is 
found as single repeat unit in most of the large scaffolds of PaxiN and also in the GenBank accession 
AY136628 of P. hybrida. The second 128-mer contig contains more of a repeat structure and hits to 
three large Petunia sequences in GenBank (AY136628, AB472856 and EF517793) and is present in 530 
of the PaxiN contigs (0.8%) with high homology of near 100%. Dotplots of pairs of these scaffolds 
indicated that there is a larger repeated unit, up to 8 kb – with homology to a Gypsy superfamily 
retroelement with RNaseH, RT, INT, LTRs and other domains. 
 
 
Table 5. Assembly using Geneious assembler of 128-mer identified in PaxiN raw reads. 
 
 Unused 
reads   
 Contigs >=128 
bp   
 Contigs >=1000 
bp   
Number 2  10  1  
Minimum length (bp)  128  129  1,943  
Median length (bp)   143   
Mean length (bp)  128  363  1,943  
Max length (bp)  128  1,943  1,943  
N50 length (bp)   1,943   
Number of contigs >= N50   1  1  
















































Figure 10: P. axillaris N genome repetivity analyzed by k-mer frequency in raw reads 
a. 32-mer frequency.  
b. 16-mer frequency  
c. 16-mer data overlaid onto graph from tomato (Tomato Genome Consortium, 2012,  Supplementary Figure 42). Genome 
size is given in Mb of assembled genomes.
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Telomeres, tandem repeats and larger repeats 
 
A few scaffolds included multiple copies of the plant telomere sequence TTTAGGG; some occurrences 
appear in intercalary positions. For example, PaxiN scf02211 was 12 kb long with telomere motifs at 
both ends totalling 2.5 kb, while scf47951 with a length of 2.5 kb was mostly composed of 
degenerate telomere arrays. In scf01230, telomere tracts up to 3 kb long were part of a longer 
tandem repeat unit of 11,246 bp, while scf03941 had a 180bp tandem repeat next to the telomere 
tract. 
Another tandem repeat was extracted from PaxiN scf02038 and is 169 bp long. Many 
hundreds of smaller scaffolds were composed largely of a 169bp repeat (eg scf36935 is 16.5 copies 
over 2795 bp; scf01515 has 22 copies over 3778 bp; scf1920 has c.64 copies). Of larger scaffolds, 
scf01294 (409 kb) ends with 12 copies, scf00744 (498 kb) has 21 internal copies, scf00700 (826 kb) 
has 41 copies at the end over 7 kb (both orientations). Further, scf00420 has copies at the end, 
scf00451 an internal array, scf00286 multiple dispersed short arrays, and scf00207, scf00160, 
scf00128, scf00074 and scf00003 all have multiple copies. However, no scaffolds were found that 
could be related clearly to centromere structures, nor were any scaffolds candidates for giving the 
distribution of the fragment 4-18 on chromosomes (Figure 8 and above): the FISH results show a 
strong signal around the centromeres suggesting large numbers of a repetitive DNA motif. Two 
scaffolds could be candidates to locate around centromeres (e.g. Figure 11 for PaxiN scf00160), but 
further analysis including FISH and targeted cloning are needed to establish the position and 
distribution of these sequences, and identify them as centromere related. 
 
 
Figure 11: Tandem repeat 
structure. 
Dotplot of PaxiN scf00160 
nt1,110,000 to 1,140,000 with (c. 
160 bp monomer) showing longer 
















As well as the k-mer analysis, genome-wide characterization of repetitive elements can use graph 
based clustering of DNA sequences from raw reads (Novak et al., 2010; 2013). The program 
RepeatExplorer was run using unassembled reads. For P. axillaris N 3,833,689 reads were selected 
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from an Illumina run, and for P. inflata S6 3,229,900 reads were examined. They resulted in 195,174 
clusters using 2,488,367 reads for P. axillaris, about 65% of the analysed data pool (Figure 12a) and 
for P. inflata, 198,865 clusters using 2,511,217 reads, about 78% of the analysed data pool (Figure 
12B); the remaining were not clustered. No cluster in either genome dominated the analysis, with the 
top 5 clusters representing 3.6% in PinfS6 and 3.3% in PaxiN of the total and then declining in 
frequency gradually over several hundred motifs (Figure 12), contrasting with other genomes where a 
high proportion of repeats are represented by a small number of clusters (e.g. cacao, Sveinsson et al., 
2013). RepeatExplorer depicts clusters graphically as connected dots; protein domains of 
transposable elements are colour coded. The total number of base pairs, reads and genome 
proportion are calculated; in addition the hits to known repeats present in the repeat masker 
database are identified. In Figure 13 the most frequent clusters of PaxiN and two most frequent 
clusters of PinfS6 are shown. The most striking feature is that clusters are made up of a varied 
composition of sequence types, including LTR and low complexity repeats. The programme identified 
many further complex clusters, enriched in degenerate LTR-Gypsy and LTR Copia elements. Tandem 
repeats, rDNA and simple repeats were included in a few clusters. 
 
 
Figure 12: Summary of Repeat Explorer (Novak et al., 2010, 2013) analysis using 3 million randomly selected raw reads 
a. from P. axillaris N and b. P. inflata S6.  
The most common clusters are not greatly more abundant than subsequent clusters. The top 350 clusters (all >0.01% 
proportion of the genome) represented 65 to 78% of all repeat clusters and include 50% (P. axillaris N) and 60% (P. inflata 
S6) of the genome. 
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Figure 13: Most frequent repeat 
clusters CL1 of P. axillaris N (A) and 
CL1 and CL2 of P. inflate S6 (B, C). 
Output from Repeat Explorer (Novak 
et al., 2010, 2013). The clusters are 
displayed as composites containing 
low complexity and degenerate LTR-
transposable elements with no 
abundant retroelement protein 
motifs identified (shown by the few 
coloured dots). Each cluster is less 



























Members of Solanaceae are known to be suitable hosts for a number of plant viruses. More than 150 
plant viruses have been shown to infect P. hybrida (Engelmann and Hamacher, 2008). Plant genome 
sequencing indicates that several Caulimoviridae invaded the genome of their host in the course of 
viral infection (Tomato Genome Consortium, 2012; Kim et al., 2014; Geering et al., 2014). The 
identified single insertion sites within the P. axillaris N and P. inflata S6 genome respectively are 
suggestive of provirus stages typical for retroviruses and endogenous retroviruses. Integration of 
retroviruses requires an integrase and is enhanced in actively dividing cells (Young et al., 2013). The 
high regeneration potential of Solanaceae species like Petunia might promote capture of plant 
pararetroviruses of the family of Caulimoviridae that lack an integrase from the Petunia genome. De-
differentiation of pararetrovirus infected somatic cells as been happening during callus proliferation 
and plant regeneration might offer gateways for invasion followed by vertical transmission (Hohn et 
al., 2008). Our analysis provides insight into the elements which have been manifested in the male 
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and female germline lineages (Schmidt et al., 2012) and we expect that the frequency of 
pararetroviral invasion in chromosomal DNA of somatic cells is much higher. We have speculated in 
the past (Richert-Pöggeler and Schwarzacher, 2009; Staginnus and Richert-Pöggeler, 2006) that the 
close proximity of endogenous pararetroviruses and LTR-retroelements points to a co-evolution of 
these two similar elements as well as to their integration and silencing mechanisms. The available 
sequence data of two petunia species prove Petunia as an ideal model system to study endogenous 
pararetrovirus co-evolution within solanaceous hosts as well as potential functions besides being an 
infectious entity. Furthermore EPRVs can be suitable markers for monitoring dynamic processes 
during genome hybridisation as happened during generation of P. hybrida. Both genomes contain 
insertions of regulatory sequences (PaxiN scf01628, PinfS6 scf00235 and PinfS6 scf00276) from the 
untranslated region of the PVCV genome that await further analysis of their functionality in gene 
expression and reverse transcription respectively. Recent studies by Mushegian and Elana (2015) 
discuss molecular functions for the host provided by integration of pararetroviral movement protein 
(MP)-like sequences. Based on their phylogenetic analyses and known MP functions in 
macromolecule trafficking they propose a possible role of integrated MP in control of tissue 
differentiation. Indeed, in P. axillaris N integrated MP sequences of scf01628 and scf03256 showed 
the highest degree of conservation and thus may be active in the host rather than viral context.  
The pericentromeric localization and array structure of integrated PVCV sequences is similar 
in both petunia species. However, the preservation and copy number of these endogenous viral 
sequences is higher in P. axillaris compared to P. inflata. That was also true with regard to diversity of 
EPRVs. Thus P. axillaris seems to be a more permissive host for EPRV invasion, so we suggest that 
there are several factors controlling EPRV invasion and preservation that differ even between related 
species, and probably even cultivars, including the organization in the genome, presence of miRNA, 
DNA methylation and histone modifications; such factors may be under evolutionary selection 
depending on disease pressure and consequences for the different species. 
Our analysis indicates that Petunia genomes are rich in repetitive DNA and the K-mer analysis 
of P. axillaris N indicates more repeats are present than in tomato and potato (Tomato Genome 
Consortium, 2012). However, when comparing total genome size, the amount of repeats in both the 
PaxiN and PinfS6 assemblies with about 60-65% (Table 6) is low for genomes of 1.4Gb. In particular 
LTR-retroelements are unusually low both in total DNA bps and number full length elements that we 
were able to identify. We found about 5,000-6,000 full elements with roughly equal numbers of 
Gypsy and Copia superfamily retroelements. This number is similar to tomato with a genome 
assembly of 740Mbp, but a relatively large LTR-retrolement component. It is in contrast to hot pepper 
(Capsicum annuum) with the largest solanaceous genome (more than 3Gb) so far sequenced where 
large numbers of LTR-retroelements in particular Gypsy superfamily elements make up 70% of the 
repetitive DNA fraction, are responsible for the genome expansion and conversion of euchromatin 
into heterochromatin (Kim et al., 2014). Nicotiana species also have relatively few identified LTR-
retroelements (Table 6), and here Copia superfamily retroelementss make the difference between N. 
tomentosiformis and N. sylvestris (Sierro et al., 2013). Interestingly, N. tomentosiformis and N. 
sylvestris can also be distinguished by their EPRV composition (Gregor et al., 2004). The difference to 
the smaller tomato genome however, is mainly attributed to shorter repeats (listed under ‘others’ in 
Table 6) that represent almost 30% of the repetitive DNA in the about 2.4Gb Nicotiana genomes. This 
situation is mirrored in the much small cucumber genome (244Mb) where transposable elements are 
relatively low in abundance, but satellite tandem repeats make up almost half of the repetitive DNA 
and are concentrated at centromeres and telomeres as evidenced by FISH (Huang et al., 2009). A 
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similar situation is found in Brassica rapa (Brassica rapa Genome Consortium, 2011) and Beta vulgaris 
(Dohm et al., 2014) where satellites repeats have been found (with only two families abundant, 
locating at centromeres, in Brassica, Harrison and Heslop-Harrison, 1994); however, the larger 
genome sizes of 500-600 Mbp can be attributed to the LTR-retroelement fractions.  
The relative low proportion of repeats, make in turn the gene and low copy sequence space 
relative larger and would correspond to the lower fragmentation found in P. axillaris N after the last 
triplication event (paleohexaploidisation) in comparison to tomato and potato (see Supplementary 
Note 5).  
In Petunia, FISH has indicated a concentration of retro-elements like sequences around the 
centromeres (this study) as well as their dispersion throughout the chromosomes (Richert-Pöggeler 
and Schwarzacher, 2009), but this is not reflected in the assembly, as is normal with shotgun 
sequence data; even the relatively high proportion of PacBio and mate-pair reads apparently 
spanning the length of retroelements. However, DNA transposons are common and were found at a 
much higher frequency than in Nicotiana and Solanum (Table 6 and Supplementary Note 3). 
Interestingly, the literature does not report tandem satellite repeats in Petunia and our repeat 
searches within the assembly have not found typical 180bp or 340bp repeats that wrap around 
nucleosomes in a specific manner (see Heslop-Harrison and Schwarzacher, 2013). However, shorter 
repeats of about 60bp have been found, as well as some longer repeats of 500-1000bp. In addition, 
many mixed repeat family clusters incorporating retroelements, simple sequence repeats and low 
complexity repeats were identified by the RepeatExplorer algorithm, but none present a substantial 
percentage in the genome in contrast to the RepeatExplorer data in cacao (Sveinsson et al., 2013). 
It is therefore apparent that the repeat structure of Petunia differs from other species of 
Solanaceae so far analysed in detail and indicates a high degree of genome plasticity. Genome size 
alone might however not dictate the distribution, type and amount of repetitive elements. It is 
notable that Petunia chromosomes (Table 6), with an average of 200Mb per chromosome (three 
times that of tomato or potato), are relatively large for the overall genome size that is distributed 
over 7 rather than the more common 12 pairs of chromosomes in the family that form the related 
x=12 clade (Saerkinen et al., 2013). This has consequences for chromosomal organisation, 
recombination and homogenisation events and together with DNA transposon frequency and the 
presence of EPRVs might have an effect on the overall genome organisation.  
The genomic sequence data will be seminal for investigating interactions of the identified 
reverse transcribing elements of the family of Caulimoviridae, Metaviridae and others both in planta 
as well as at the single cell level and in culture. The identified diversity and abundance of the 
polymerase motif of viral retroelements raises questions about possible functions of reverse 
transcription in genome maintenance and/or speciation. Genome sequence data reveal existence of 
petuvirus-like sequences not only in the solanaceous plant family but also in woody plants, for 
example in the family of Rutaceae (Yang et al., 2003; Roy et al., 2014). The combination of horizontal 
and vertical transmission among multiple members of Caulimoviridae probably contributed to the 
abundancy of EPRVs within angiosperms (reviewed by Teycheney and Geering, 2010, Geering et al., 
2014). Whereas information about the contributing genomes is available, participating vectors 
mediating transfer of the episomal forms still need to be elucidated. The effects of genome 
hybridization during generation of P. hybrida with P. axillaris and P. inflata as parental crossing 
partners, on repeat and in particular EPRV evolution, activation and function can now be studied in 
greater detail. Thus will also contribute to the general understanding of mechanisms involved in 
lateral DNA transfer. 
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Table 6: Comparison of repeat content, total genome and chromosome sizes in Solanaceae and selected eudicot species. 
 Species Repeats 
DNA 
transposons   


















genome bp % bp % bp % bp % bp Mbp n= Mbp 
Cucumis sativus 1) 24.01 2,808,075 1.24 23,622,636 10.43 3,961,988 1.75 25,762,300 10.58 243,500,000 367 7 52 
Brassica rapa 2) 44.79 15,518,826 3.2 131,612,046 27.14 15,925,293 3.28 54,174,500 11.17 485,000,000 560 10 56 
Beta vulgaris 3) 42.3 19,820,000 3.33 122,670,000 20.59 32,190,000 5.40 77,320,000 12.98 595,744,681 730 9 81 
Solanum lycopersicum 4) 68 6,050,581 0.86 459,739,604 61.77 4,089,807 0.55 31,421,760 4.26 737,600,000 900 12 75 
Solanum tuberosum 4) 62.20 6,543,927 1.2 311,628,974 54.35 5,796,327 1.16 32,394,740 5.53 585,800,000 844 12 70 
Petunia axillaris N 5) 63.08 65,589,038 5.21 508,788,466 40.41 29,284,495 2.33 190,486,700 15.13 1,259,000,000 1380 7 197 
Petunia inflata S6 5) 59.22 59,714,447 4.64 475,871,680 36.98 38,215,801 2.97 188,141,800 14.63 1,286,000,000 1430 7 204 
Nicotiana tomentosiformis 6)  74.84 22,593,004 1.34 882,169,1588) 52.218) 8,078,343 0.48 571,894,844 20.33 1,689,000,000 2360 12 197 
Nicotiana sylvestris 6) 71.95 33,621,895 1.51 1,082197,0209) 48.659) 9,869,117 0.44 703,763,729 21.34 2,222,000,000 2680 12 223 
Capsicum annuum 7) 76.36 165,894,072 5.41 1,780,527,144 58.11 47497259 1.55 345,248,200 11.29 3,058,000,000 3480 12 290 
Capsicum chinense 7) 79.55 197,445,015 6.69 1,649,035,494 55.84 69182970 2.34 433,647,200 14.68 2,954,000,000 3140 12 262 
 
1) Huang et al. (2009); 
2) Brassica Genome Consortium (2011); 
3) Dohm et al. (2014); 
4) Tomato Genome Consortium (2012); 
5) this study numbers taken from the repeatmasker analysis used for the assembly (see supplementary Note 1); 
6) Sierro et al. (2013);  
7) Kim et al. (2013) 
8) this number contains 666,441,913 bp (39.13%) LTR-retroelements and 220,727,245 bp (13.08%) non-identified retrotransposons, 




Identification of PVCV-like sequences in the Petunia genomes 
Nucleotide sequences of PVCV accession U95208.2 as well as amino acid (aa) sequences of PVCV ORF 1 
(accession NP_127504.1) were compared with scaffolds of PaxiN and PinfS6respectively deposited on the 
Blast Server: http://petuniasp.sgn.cornell.edu/blast/blast.html using Blast settings without filter and tBlastN 
respectively. Due to various degrees of sequence degradation distinct thresholds were set as indicated in 
Tables 1 and 2.  
 
Determination of EPRV diversity 
Pol regions of selected Caulimoviridae were compared with scaffolds of PaxiN and PinfS6 respectively using 
the Blast server as above. The thresholds were set at > 200 amino acid (aa) alignment length for all elements 
and >60% aa identity for Petu- and Florendoviruses, as well as >45% for all other Caulimoviridae. The 
following accessions and pol regions were incorporated in the search: 
NP_569141.1 for PVCV, Petuvirus, ORF1, aa 1425..1804, 
BAO53400.1 for Cauliflower mosaic virus (CaMV), Caulimovirus, isolate JPNS2, ORF 5, aa 285..671, 
Q89703.1 for Cassava vein mosaic virus (CsVMV), Cavemovirus, ORF 3, aa 237..637, 
YP_007761644.1 for Rose yellow vein virus (RYVV), unassigned genus, ORF 3, aa 446..837, 
AHN13810.1 for Aristotelia chilensis vein clearing virus (ArCVCV), unassigned genus, putative ORF, aa 33..412,  
AHA62452.1 for Banana streak OL virus (BSOLV), Badnavirus, ORF 3 partial, aa 1..413,  
NC_001914 for Rice tungro bacilliform virus (RTBV), ORF3, aa 1225..1612, 
Vitis vinifera B virus (VvinBV_compAsc1), Florendovirus, Geering et al. 2014, ORF 1, aa 965..1346, 
and Solanum tuberosum virus (StubV_scSt1), Florendovirus, Geering et al. 2014, ORF 1, aa 1433..1816.  
Alignment of sequences has been done using ClustalW within the MEGA version 5 software package (Tamura 
et al., 2011). Identified hits were manually edited to remove overlapping hits and the sequence with the 
higher score was selected.  
 
DNA similarity analyses 
The following PVCV sequences were used for alignment using Clustal W in the MEGA version 5 (Tamura et al., 
2011) with default settings applied: scaffolds of P. axillaris with single insertion of PVCV coding sequences 
(PaxiN_00097, PaxiN_00254, PaxiN_00447, PaxiN_00560, PaxiN_00674 and PaxiN_00911), scaffolds of P. 
inflata with single insertion of PVCV coding sequences (PinfS6_00844, PinfS6_01099, P.inf6S_01671 and 
P.inf6S_00276) and with double insertions (P.inf6S_00235a and PinfS6_00235b). Episomal PVCV sequences, 
isolated from N. glutinosa (infectious virus; AAK68664) have been also included in the analysis; LTR-
retrotransposon from Drosophila melanogaster (Accession AAA70219) has been used as outgroup.  
 
Tandem repeat and retroelement analysis 
Basic analysis of the assemblies were performed on Ubuntu Linux 13.10, with Geneious version 7.1.4 (and 
earlier) by Biomatters (Kearse et al., 2012; available from http://www.geneious.com/). K-mer analyses were 
performed using Jellyfish version 2.1.3 (Marcais and Kingsford, 2011). Other programmes to search for 
repeats included LTR-STRUC (McCarthy et al., 2003), LTR finder (http://tlife.fudan.edu.cn/ltr_finder) and 





Fluorescent in situ hybridization 
Probe labelling, chromosome preparation and in situ hybridization followed the procedure of Schwarzacher 
and Heslop-Harrison (2000). The 5S rDNA probe was a 410 bp fragment from the clone pTa794 (Gerlach and 
Dyer, 1980) containing the 5S rDNA repeat unit of Triticum aestivum. Three viral probes that, in combination, 
cover most of the sequence of an infectious chromosomal PVCV copy were produced using the SacI subclone 
l5-7 from lambda clone 5 (Richert-Pöggeler et al., 2003) while fragment 4-18 (1,233bp long) originates from 
lambda clone 4 (GenBank AY333912) and contains part of a Gypsy gag-pol region. Probes were labelled with 
biotin-11-dUTP (Roche) or digoxigenin-11-dUTP (Roche) by PCR using M13 forward and reverse sequencing 
primers for cloned sequences or template specific primers for virus (see Richert-Pöggeler et al., 2003) and 4-
18 fragement (forward primer #34935, TGG TAG CGA CTT GTA TCG AGC, reverse primer #34936, TCA ACA 
AGT AAG CCA CGC AGG, nt 4483-5715. 
Root tips from young plants, P.axillaris and P. inflata (both from the University of Nottingham 
collection received in 2001) were fixed with 96% ethanol:glacial acetic acid (3:1) after treatment with 0.2 M 
8-hydroxyquinoline for 3-4 h. Chromosome preparations were made following proteolytic digestion with 
cellulase and pectinase, treated with RNase and fixed in 4% paraformaldehyde (see Schwarzacher and 
Heslop-Harrison, 2000) 
The probe mixtures contained 100-200ng labelled probes, 50% (v/v) formamide, 20% (w/v) dextran 
sulphate, 2x SSC, 0.025μg of salmon sperm DNA and 0.125% SDS (sodium dodecyl sulphate) and 0.125mM 
EDTA (ethylenediamine-tetraacetic acid). Chromosomes and 40μl of probe were denatured together and 
allowed to hybridize overnight at 37°C. Post-hybridization washes were at 42°C in 20% formamide and 
0.1xSSC, giving a stringency of 80±85%. Detection of hybridization sites was carried out with 4μg/ml 
Fluorescein-conjugated anti-digoxigenin (Roche) and 2μg/ml Alexa 495-conjugated streptavidin (Molecular 
Probes). Chromosomes were counterstained with 4μg/ml DAPI (4´,6-diamidino-2-phenylindole) and mounted 
in CitifluorAF. Slides were analysed with a Zeiss Axioplan2. Fluorescent microscope and images captured with 
an Optronix S97790 cooled CCD camera. Overlays of hybridization signal and DAPI images were prepared 
with Adobe Photoshop CS4 using only cropping and functions that treat all pixels equally. For some slides, 
after photographing and noting down the coordinates of the metaphase, the first probing was washed away 
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dTPH6 insertions  in P. axillaris N 
 
Paxi162Scf01326 10455 bp GAAGACTGGGAA CACTACCAGAATTTCGCTATTTACCCAC-dTPH6-GTGGGTAAATAGCGAAATTCTGGTAGTG GAAGATGTGTCAAAG 
PinfS6  GAAGACTGGGAA                                                                    GATGTGTCAAAG 
 
Paxi162Scf00177  5705 bp CCTGCTCACTCC CACTACCAGAATTTCGCTATTTACCCAC-dTPH6-GTGGGTAAATAGCGAAATTCTGGTAGTG TCCAATCTTATTTCA 
PinfS6  CCTGCTCACTCC                                                                    AATCTTATTTCA 
 
Paxi162Scf01016 10148 bp CATCATCAACAA CACTACCAGAATTTCGCTATTTACCCAC-dTPH6-GTGGGTAAATAGCGAAATTCTGGTAGTG CAAGTGGAAGCTTAA 
PinfS6  CATCATCAACAA                                                                    GTGGAAGCTTAA 
 
PaxiScf00745a 12786 bp TCCGAGTTGCCC CATTACCAGAATTTTGCTATTTACCCAT-dTPH6-GTGGGTAAATGGCGAAATTCTGGTAGTG CCCGAAACCAAAGAC 
PaxiScf00745b 19559 bp TCCGAGTTGCCC CATTACCAGAATTTTGCTATTTACCCAC-dTPH6-GTGGGTAAATAGCGAAATTCTAGTAGTG CCCGAAACCAAAGAC 
PinfS6  TCCGAGTTGCCC                                                                    GAAACCGAAGAC
 
 
dTPH6 insertions in P. inflata S6 
 
Pinf101Scf00236 10688 bp CTAGAAAAAAAA CACTACCAGAATTTCGCTATTTACCCAC-dTPH6-GTGGGTAAATAGCGAAATTCTGGTAGTG AAAATAATATCGAA 
PeaxiN  CTAGAAAAAAAA                                                                    --AATATCGAA 
 
Pinf101Scf00177 11173 bp AGAGGGAACTCC CACTACCAGAATTTCGCTATTTACCCAC-dTPH6-GTGGGTAAATAGCGAAATTCTGGTAGTG CTTCTCTCTCCATC 
PeaxiN  no homologous (repetitive) sequence found 
 
Pinf101Scf01047 12184 bp GCTTGGCTCTAC CACTACCAGAATTTCGCTATTTACCCAC-dTPH6-GTGGGTAAATAGCGAAATTCTGGTAGTG TACACACTAAATCA 
PeaxiN  GCTTGGCTCTAC                                                                    ACACTAAATCA 
 
Pinf101Scf00592  2303 bp TCGATCCCAAAG CACTACCAGAATTTCGCTATTTACCCAC-dTPH6-GTGGGTAAATAGCGAAATTCTGGTAGTG AAGGTGGCACAGGT 
PeaxiN  AAG sequence 
 
Pinf101Scf00660  9745 bp ACTGCTGAAGGA CACTACCAGAATTTCGCTATTTACCCAC-dTPH6-GTGGGTAAATAGCGAAATTCTGGTAGTG GGACTACCTTGACA 
PeaxiN  ACTGCTGAAGGA                                                                    CTACCTTGACA 
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P. axillaris N 

Paxi162Scf00034 AGCTCCACTTCCAAGCCTA CACTA-PSL-TAGTG CTAGAACCTCCTCGAACTAT  9931 bp TSD=3
PinfS6  AGCTCCACCTCCAAGCCTA                    TCACCTCCTCGAGCTAT 
 

Peaxi162Scf00695 TCAACGATTGTCCCAGTTC CACTA-PSL-TAGTG GAGGTAGGGCCAAAAGAGAG 15552 bp TSD=????
PinfS6  Homologous sequence not found


P. inflata S6 

Pinf101Scf00546 TTTTTATATGTCTCTTAAT CACTA-PSL-TAGTG AATCTTGTATTTGTGTTAA  4301 bp TSD=3
PaxiN  TTTGTATATGTCTCTTAAT                    CTTGTATTTGCATTAA  
 
Pinf101Scf01289 CATTCAAGTTGATAATATC CACTA-PSl-TAGTG ATCCTACATGTCGTAGTGG  4608 bp TSD=3
PaxiN  CATTCAAGTTGATAATACT                    --ACATGTCGTAGTGG 

Pinf101Scf01887 AAAATATACTACATGTTAT CACTA-PSl-TAGTG ATATGCTAATGAAAAAAAT 12352 bp TSD=3
PaxiN  AAAATATACAACATGTTAT                     GCTAATGTAAAAAAT

Pinf101Scf00044 AAAGAGGTGGTGGGTGGAA GAGTA-PSL-TAGTG ATATACATAGATGCCAAAC 17295 bp TSD=??
PaxiN  Homologous sequence not found 
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Pinf101Scf00001 AACTAATTATATAAC GAAG-dTPH9-CTTC TTATATAACTCTCGA   1269 bp TSD=9 
Paxi AACTAATTATATAAC                          TCTCCA 
 
Pinf101Scf00889 TCACTTTCTTTCTTT GAAG-dTPH9-CTTC TTCCTTCTTTTGTAT  2102 bp TSD=10 
Paxi TCCCTTTCTTTCTTT                           TGTAT 
 
Pinf101Scf00125 TATGTCATGTGTTTG GAAG-dTPH9-CTTC CATGTGTTTGTGGTG  2325 bp TSD=10 
Paxi No blast hits  
 
Paxi00341 GAAAGCGAAAACACG GAAG-dTPH9-CTTC CGAAAACACGCATGA 10422 bp TSD=10 
Pinf homogous sequence not found 
 




















Pinf101Scf01189 CATCTTCTCGTTCAC AAAG-dTPH9-CTTC TCTCGTTCACCTGTC 2038 bp TSD=10 
Paxi No clear hit 
 












                 bp        bp 








Pinf101Scf01199 ACAATGGATACAACC GAAG-dTPH9-CTTC GATACAACCCGAAAA 6290 bp TSD=9 
Paxi No clear hit 
 









                 8bp 
Paxi162Scf00337 TGATGCTTTTGTTAA -----dTPH9-CTTC TAATGTAGATTGCTA 13547 bp No TSD 
Pinf101Scf00734 TGATGCTTTTGTTAA -----dTPH9-CTTC TAATGTAGATTGCTA 27124 bp 
                 8bp 
 
Paxi162Scf00993 CAGACTCAAAGAAGA GAAG-dTPH9-CTTC CAAAGAAAGAAGTAA  3741 bp TSD=10 
Pinf101Scf00713 CAGACTCAAAGAAGA GAAG-dTPH9-CTTC CAAAGAAAGAAGTAA  3579 bp 
 
Paxi162Scf00450 TGGAATATATATAAG GAAG-dTPH9-CTTC TATATATTATAAGGG 25422 bp TSD=10 
Pinf101Scf00713 TGGAATATATATAAG GAAG-dTPH9-CTTC TATATATTATAAGGG 30576 bp 
Pinf101Scf04980                      dTPH9-CTTC TATATATTATAAGGG ~2200 bp 
 
Paxi162Scf00535 CAACAATGTTATTGC GAAG-dTPH9-CTTC AGTTATTGCAATAAC  3795 bp TSD=9 
Pinf101Scf01659 CAACAATGTTATTGC GAAG-dTPH9-CTTC AGTTATTGCAATAAC  3698 bp TSD=9 
 
Paxi162Scf00345 TGTAAAAGAACTCCT GAAG-dTPH9-CTTC AGAACTCCTTGACTC  3464 bp TSD=9 
Pinf101Scf12821 TGTAAAAGAACTCCT GAAG-dTPH9-CTTC AGAACTCCTTGACTC  3262 bp TSD=9 
 
Paxi162Scf00428 ACTAGTTTTTCACAC GAAG-dTPH9-CTTC TTTTTCACACTGTGA    901 bp TSD=10 
Pinf101Scf ACTAGTTTTTCACAC                           TGTGA 
 
Paxi162Scf00057 CTAACTCATATTTGA GAAG-dTPH9-CTTC TCATATTTAAGGCTA 11937 bp TSD=10 
Pinf CTAACTCATTTTTGA                           GGCTA 
 
Paxi162Scf00456 CCATGTATTAGTAAT GAAG-dTPH9-CTTC TATTAGTAATACATG  02084 bp TSD=10 
Pinf CTATGTATTACTAAT                           ACATG 
 
Paxi162Scf01311 TGGCAAAATTATATA GAAG-dTPH9-CTTC ATTTATATAAGGAGT   5721 bp TSD=9 
Pinf TGGCAAAATTATATA                          AGGAGT 
 
Paxi162Scf00677 CCTGTCTATTATGTG GAAG-dTPH9-CTTC TATTATGTGTGCTCA  4874 bp TSD=9 
Pinf CCTGTCTATTATGTG                          TGCTCA 
 
Paxi162Scf00376 AGTTGTGATCCAAAG GAAG-dTPH9-CTTC TGATCCAAAGTCCCT  5152 bp TSD=10 
Pinf AGTTGTGAGCCAAAG                           TCCCT 
 
Paxi162Scf00003 TTTCCAATCTAAATT GAAG-dTPH9-CTTC ATCTAAATTAGTTGG  9068 bp TSD=9 
Pinf TTTCCAATCTAAATT                          AGTTGG 
 
Paxi162Scf00961 GGATGCAGTTTAGAT GAAG-dTPH9-CTTC CAGTTTAGATTCACG  7769 bp TSD=9 
Pinf GGATGCAGTTTAAAT                          TTCACG 
 
Paxi162Scf00273 TCAAAATTAGATTAT GAAG-dTPH9-CTTC TTAGATTCTCAATAA  4993 bp TSD=9 
Pinf TCAAAATTAGATTCT                          CAACAA 
 
                                   +1bp    
Paxi162Scf00755 GTACATTGTTAAAAT GAAG-dTPH9-CTTC TCTTTTAAAATGTTA 04905 bp TSD=10 
Pinf GTACATCTTTAAAAT                            GTTA 
 
Paxi162Scf00564 GTTATGTCTTCTTTT GAAG-dTPH9-CTTC TCTTCTTTTGATTCC  9857 bp TSD=9 
Pinf GTTATGTCTTCTTTT                          GATTCC 
 
Paxi162Scf00052 CCATGTATTAGTAAT GAAG-dTPH9-CTTC TATTAGTAATACATG  2843 bp TSD=10 
Pinf CTATGTATTACTAAT                           ACATG 
 
Paxi162Scf00038 CAACATAAAGGATAA GAAG-dTPH9-CTTC AAAAGGAAAAGGAGG  2658 bp TSD=10 
Pinf CAACATAAAGGAAAA                           GGAGG 
 
Paxi162Scf00012 TTAGCTTCAAGGTTT GAAG-dTPH9-CTTC TCAAGGTTTCCACTA 14707 bp TSD=9 
Pinf TTAGCTTCAAGGTTT                   CTAGTATTAATTT   
 
         9bp    10bp 
Paxi162Scf00145 ATAAAG--------- -----dTPH9-CTTC AACTTTAAACCTTGC   902 bp  no TSD 
Pinf ATAAAGATTCCGGAA                 AACTTTAAACCTTGC  
 
Paxi162Scf00132 TTTATTGATCCGTTC --AG-dTPH9-CT-- CCATTTTTCACTTAT  3885 bp no TSD 
Pinf TTTATTGATCCGTTT                 -CATTTTTCACTTAT 
 
Paxi162Scf00474 TAGAGAACCGTGTAA -----dTPH9----- TATTATTTTGGTCAA  3269 bp  no TSD 
Pinf TAGAGAACCGTGTAA                 -CTAATGATAGTCTA   
 
Paxi162Scf00241 TATGAATTCTAACCC GAAG-dTPH9-CTTC CTAGCGAGTGTGAAT 12464 bp  no TSD 
Pinf TATGAATTCTAACCC                  TAACGAGTGTGAAT 
 
Paxi162Scf00618 ATACAGGTTGAATCA GAAG-dTPH9-CTTC TTAAATGGAGCATAT  9680 bp no TSD 
Pinf GTACAGGTTGAACTA                      TGGAGCATAT 
 
Pinf101Scf02187 AATTGGTAGTAATAT GAAG-dTPH9-CTTC CNTAATGATACATTT  7074 bp NO TSD 
Pax AATTGGTAGTAAT   <   289 bp    >   TAATGATACATTT 
 




Pinf101Scf01292 CCATCAGGGTTAGCA GAAG-dTPH9-CTTC AATAGCTTAGTACGG  3585 bp no TSD 
Paxi Absent! 
 
                 4 bp  
Pinf101Scf01996 ACTTATCTACGCTAC -----dTPH9-CTTC AATTTGTTGTTCATT 4264 bp no TSD 
Paxi Absent  
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Paxi162Scf00106 TTGGCCAAAAATTAAA CGAAAAATGG-dTph11-CCTTTTTCTG AAAATTAAACTACTTC  1052 bp  TSD=9 
Pinf homologous  
 
Paxi162Scf00760 CTTGACTTTATTTTTA CGGAAAAGGG-dTph11-CCCCTTTCCG TTATTTTTATTTGTTT  1105 bp  TSD=9 
Pinf  CTTGACTTTATTTTGA                                       TTTGTTT 
 
Paxi162Scf00020 TATATTATTATAGAAT CGGAAAAGGG-dTph11-CCCCTTTCCG TTATAGAATTGATACT  1120 bp  TSD=9 
Pinf homologous sequence not found 
 
Paxi162Scf00016A GATGTCATATTTACAA CGGAAAAGGG-dTph11-CCCTTTTCCG TATTTACAATATAGTC  1176 bp  TSD=9 
Pinf  GATGTCATATTTACAA                                       TATAGTC 
 
Paxi162Scf00016B GATGGGGTTCTGAATA CGGAAAAGGG-dTph11-CCCTTTTCCG TTCTGAATATTGCAGC  1176 bp  TSD=9 
Pinf  GATGGGGCTCTGAATA                                       TTGCAGC 
 
Paxi162Scf00137 TTTATTATTTTTATTT CGGAAAAGGG-dTph11-CCCCTTTCCG TTTTTATTTTTTTACA  1203 bp  TSD=9 
Pinf homologous (repetitive) sequence not found 
 
Paxi162Scf00518 TACAACATATTATAAA CGGAAAAGGG-dTph11-CCCCTTTCCG TATTATAAATGATTCT  1204 bp TSD=9 
Pinf  T--AACATATTATAAA                                        TGATTCC 
 
Paxi162Scf00655 ATCTACGTATTCATAA CGGAAAAGGG-dTph11-CCCCTTTCCG TATTCATAATTAGTAT  1233 bp  TSD=9 
Pinf  ATCAACATATTCATAA       TTAGTAT 
 
Paxi162Scf00936 AATATTATATCAAAAA CGGAAAAGGG-dTph11-GCCTTTTCCG TATCCAAAAAGTATTT  1243 bp  TSD=9 
Pinf  AATATTATATCAAAAA                                       AATATTT 
 
Paxi162Scf00296 AATTTTACCCTCCGTT TGCAAAAGGT-dTph11-CCCTTTTCCG TTCTTTGTATTAATAG  1245 bp no TSD 
Pinf homologous (repetitive) sequence not found 
 
Paxi162Scf00100 GTTGACATTTTTAAAA CGGAAAAGGG-dTph11-CCCCTTTCCG TTTTTAAAACTTATCC  1253 bp  TSD=9 
Pinf  GTTGACAGTTTTAAAA                                       CTTATCC 
 
Paxi162Scf00534 ATACCATATTTTTTTA CGGAAAAGGA-dTph11- CCCTTTTC-- TATTTTTTTTATAATT  1260 bp  TSD=9, 10 or 11 
Pinf   ATGCCATATTTTTT-A                                          AT-TT 

Paxi162Scf00073 CTATAGTTAGTTTTTA CGGAAAAGGG-dTph11-TCCTTTTCCG TAGTTTTTATATAATC  1283 bp  TSD=9 
Pinf  CTATAGTTAGTTTTTA                                       TATAATC 
 
Paxi162Scf00067 AAGGTGATTTATAGTA CGGAAAAGGG-dTph11-CCCGTTTCCG TTTATAGTATGCATAA  1295 bp  TSD=9 
Pinf  AAGGTAATTTATAGTA      TGCATAA 
 
Paxi162Scf00475 TTAAGCTACTTAAAAT CGAAAAAGGG-dTph11-CCCTCTTCCA ACCTAAAATAATCTCA  1320 bp  TSD=9 
Pinf homologous (repetitive) sequence not found 
 
Paxi162Scf00302 ACATAAATTGAAGAAA CGGAAAAGGG-dTph11-CCCTTTTCCG TTGAAGAAATGAAGTA  1418 bp TSD=9 
Pinf  ACATAAATTGAAGGAA                                       TGAAGTA 
 
Paxi162Scf00124 TCCTTTATTTTATTTT CGGAAAAGGG-dTph11-CCCCTTTCCG TTTTATTTTTTGTCCG  1696 bp  TSD=9 
Pinf  TCCTTTATTTTCTTTT                                       TTGTCCA 
 
Paxi162Scf00156 CATGTAATTAAATATC CGGAAAAGGG-dTph11-CCCTTTTCCG TTAAAAATCAAATGAA  1752 bp  TSD=9  
Pinf homologous sequence not found 
 
Paxi162Scf00011 GTGACATTTTTCTTAG CGGAAAAGGG-dTph11-CCCTTTTCCG TTCTTAGAATAAGTCC  1765 bp  TSD=7 
Pinf homologous sequence not found 
 
 
Paxi162Scf00695 AGACTTATTTATACTA CGGAAAAGGG-dTph11-CTCTTTTCCG TTCATACTAATTACC  1189 bp  TSD=9 
Pinf101Scf00244 GGACTTACTTATACTA CGGAAAAGGG-dTph11-CTCTTTTCCG TTTATAAT-ATTACC 
 
Paxi162Scf00179 ATACCATATTTTTTTA CGGAAAAGGA-dTph11-ACCTTTTCCG TATTAGAAATGTTGAG  1284 bp  TSD=9 
Pinf101Scf01614 TTCTTTATATTAGAAA CGGAAAAGGG-dTph11-ACCTTTTCCG TATTAGAAATGTGAGT 14572 bp  TSD=9 
 
Paxi162Scf01018 CAAACGCTAGAAATAA CGGAAAATGG-dTph11- CCCTTTACCG TAGAAATAATTGTAAG  1384 bp  TSD=9 
Pinf101Scf00035 AAAATGCTAGAACTAA CGGAAAATGG-dTph11- CCCTTTTTCG TAGAAATAATTGTAGT  1005 bp  TSD=9 
 
Paxi162Scf00954 TAAACTTAGCACTTTA CGGAAAAGGG-dTph11-CCCCTTTCCG CTTTTCAAGAATCGGT  1183 bp TSD=5 
Pinf101Scf00296 TAAACTTAGCACTTTA TGGAAAAGGG-dTph11-CCCCTTTCCG CTTTTCAAGAATCGGT  1186 bp TSD=5 
  
 
Pinf101Scf00004 TCTTATGGATAAAGAA CGGAAAAGGG-dTph11-CCCTTTTCCG GATAAAGAAAGGAGAA   718 bp  TSD=9 
Paxi homologous sequence not found 
 
Pinf101Scf01182 ATCGTCATTTTTCTTT CGGAAAAGGG-dTph11-CCCTTTTCCG TTGTTCTTTTGGCGTG   953 bp  TSD=9 
Paxi  ATCGTCATTGTTCTTT                                       TGGCGTG 
 
Pinf101Scf01519 TTGAAATTTTTTGAAA CAAAAAAGGG-dTph11-CCCTTTTTCG TTTTTGAAATAACCCT  1067 bp  TSD=9 
Paxi  TTGAATTTTTTTGAAA                                       TAACCCT 
 
Pinf101Scf00044 TTTCATATTTTAAAAA CAGAAAAGGG-dTph11-CCCTTTTCCA TTTTAAAAACCAGATC  1068 bp  TSD=9 
Paxi No clear hit, lots of hits with rel. low homologie. 
 
Pinf101Scf01306 TGCATAAATAATTTAA CGGAAAAGGG-dTph11-CCCTTTTCCG ATAATTTAATGTATAA  1084 bp  TSD=9 
Paxi  TGTATAAATAATTTAA                                       TGTATAG 
 
Pinf101Scf01701 ACTTTTATTGTTTTCT CGGAAAAGGG-dTph11-CCCTTTTCCG AGAAAACAATAAAAGT  1084 bp  no TSD 
Paxi homologous sequence not found 
 
Pinf101Scf01590 CTTGATAATTAAATAA CGGAAAAGGG-dTph11-CCCTTTTCCG ATTAAATAATTGCAAC  1119 bp  TSD=9 
Paxi  CTTGATGATTAAATAA                                       TTGCAAC 

Pinf101Scf00791b TTGCTTATTTACAGAA CGGAAAAGGG-dTph11-CCCTTTTCCG TTTACAGAATGGCAAA  1126 bp  TSD=9 
Paxi  TTGCTTATTTACAGAA                                       TGGCAAA 
 
Pinf101Scf00614 CATAAATGCAATAGTA CGGAAAAGGG-dTph11-CCCTTTTCCG GCAATAGTATGATGAA  1135 bp  TSD=9 
Paxi  CATAAATGCAATATTA                                       TGATGAA 
 
Pinf101Scf00477 CCTCTTATTTAAATTA CGGAAAAGGG-dTph11-CCCTTTTCCG TTTAAATTATAAAAAG  1141 bp  TSD=9 
Paxi  CTTCTTATTTAAATTA                                       TAAAAAG 
 
Pinf101Scf0511 CCTCCGCTAATTTAAA CGGAAAAGGT-dTph11-CCCTTTTCCG TAATTTAAATGACAAG  1145 bp  TSD=9 
Paxi  CCTTCGCTAATTTAAA                                       TGACAGG 
 
Pinf101Scf00091 GATTTCAGTTTTTAAA CGGAAAAGGG-dTph11-CCCTTTTCGG TTTTTAAATGGAGGAA  1146 bp  TSD=9 
Paxi  GACTTTAGTTTTTAAA                                      TGGAGGAA 
 
Pinf101Scf06205 AAGGCTATTATATTTA CGGAAAAGGG-dTph11-CCTTTTTC-G TTATATTTATAAGGAT  1198 bp  TSD=9 
Paxi  AAGGCTATTATATTTA                                       TAAGGGT  
 
Pinf101Scf00178 GATTGAATTTGATTTA CGGAAAAGGG-dTph11-CCTTTTTCCG TTTGATTTAATTCATC  1204 bp  TSD=9 
Paxi  GATTGAATTTGATTTA                                       ATTCATC 

Pinf101Scf00803 TTTTCCGTTAGCAAAA TGGAAAAGGG-dTph11-CCCTTTTCCG TTAGCAAAATAGACCT  1239 bp  TSD=9 
Paxi homologous sequence not found 
 
Pinf101Scf00872a CCACAATTTTA--AAT --GAAAAAGG-dTph11-CCCTTTTCCG TTTAGAAATATTTTTT  1253 bp no TSD 
Paxi  GCACAATTCTA—-AAT                               TTAGAAATATTTTTG  
 
Pinf101Scf01218 TATATCTTTTTAAATT CGGAAAAGGG-191bp-CGGAAAAGGG-dTph11-CCCTTTTCCG TTTTAAATTTCACCTT 
    201+1079bp TSD=9 
Paxi   TATATCTTTTTAAATT                                                        GCACCTT 
 
Pinf101Scf00610 AAGGTAGTTTTCTTTT CGGAAAAGGG-dTph11-CCCTTTTCCG TTTTCTTTTTCTATTG  1308 bp  TSD=9 
Paxi  AAGGTAGTTTTCTTTT                                       TCTATTG 
 
Pinf101Scf00791a AGGTGAGTTAGTGGAA CGGAAAAGGG-dTph11-CCCTTTTCCG TTAGTGGAATGAATAG  1319 bp  TSD=9 
Paxi         GTTAGTGGAA                                       GGGATAG 
   /   \  
 300 bp ins. 
 
Pinf101Scf01307 CTCTCTGTTACCTAGG CGGAAAAGGG-dTph11-CCCCTTTCCG TTACCTAGGGAATATT  1328 bp  TSD=9 
Paxi  CTCTCTGTTACCTAGG                                       GAATATT 
 
Pinf101Scf00109 CAATAGTTAATTTTTA CGGAAAAGGG-dTph11-CCCTTTTCCG TAATTTTTATTCAGGT  1328 bp  TSD=9 
Paxi  CAATAGTTAATTTTTA                                       TTCAGGT 
 
Pinf101Scf00252 TTCTACATTGAAAATA CGGAAAAGGG-dTph11-CCCTTTTCCG TTGAAAATATTGGACA  1330 bp  TSD=9 
Paxi  TTCTACATTGAAAATA                                       TTGGACA 
 
Pinf101Scf00102 ATATGAATAAATAATA CGAAAAAGGG-dTph11-CCCTTTTCCG TAAATAATATAACACC  1332 bp  TSD=9 
Paxi 
 
Pinf101Scf00022 GACATTTTTTTAAAAA CGGAAAAGGG-dTph11-CCCTTTTTCG TTTTAAAAATAAAAAA  1386 bp  TSD=9 
Paxi  GACATTTTTTTAAAA-                                       TAAAAAA 
 
Pinf101Scf00359 CTAATCATTTATTATT CGGAAAAGGG-dTph11-CCCTTTTCCG TTTATTATTTGAAGTC  1355 bp  TSD=9 
Paxi  CTAATCATTTATTATT                                       TGAAGTC 
 
Pinf101Scf00276 TTTTTGCTTTCAAGTT CGGAAAAGGG-dTph11-CCCTTTTCCG ATTCAAGTTTCAACTA  1444 bp  TSD=9 
Paxi  TTTTTGCTTACAAGTT                                       TCAAC-A 
 
Pinf101Scf00872b AGTGCAATTTATTCTT CGGAAAAGGG-dTph11-CCCTTTTCCG TTTATTCTTTAATTAA  1450 bp  TSD=9 
Paxi  AGTGCAATTTATTCTT                                       TAATTAA 
 
Pinf101Scf00092 TTGATTATAAAAAAAT -------GGG-dTph11-CCCTTTTCCG TAAAAAAATACTACCA  1771bp  TSD=9 
Paxi  TTGATTATAAAAAA-T                                       ACTACCA 
 
Pinf101Scf00506 AGCATGTTTCTGCAAA CGGAAAAGGG-dTph11-CCCTTTTCCG TTCTGCAAATTCCGAA  4804 bp  TSD=9 
Paxi  AGCATGTTTCTGCAAG                                       TTACGAA 
 
Pinf101Scf00363 TTTATAATTAAATTAA CGGAAAATGG-dTph11-CCCCTTTCCA TTAAATTAATAAAAAA  6294 bp  TSD=9 
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Abstract 
Polypeptide sequences from Petunia axillaris (PaxiN) and P. inflata (PinfS6) as well as tomato, potato, 
Nicotiana benthamiana, and Arabidopsis thaliana were subjected to an all-vs-all blast search, then 
clustered into gene families with OrthoMCL.  Of the resulting 27,600 families, 9430 families (39.2% of all 
genes) contained genes from all six species, and 24.6% of the genes were not clustered into any family.  
Most multispecies gene families followed the accepted evolutionary lineage, with the Petunia, Solanum, 
and Solanaceae clades sharing gene families far more often than other species groupings. Most of the 
genes unique to a single species or small clade were transposable element-related or had unknown 
functions, while most genes shared widely among species were involved with cellular and metabolic 
functions.  Gene families with known functions that were almost unique to Petunia included several 
families of F-box proteins, which may function to ubiquitylate specific proteins destined for degradation, 
and several families of pentatricopeptide repeat genes, which are probably involved with RNA 
modification in the organelles.  Petunia also contained several unique families of genes coding for 
cytochrome P450 and disease resistance genes. Among the families of genes coding for metabolic 
enzymes that differentially amplified in Petunia were genes for 1-aminocyclopropane-1-carboxylate 
synthase and oxidase, cupredoxin, HXXXD-type acyl-transferase, caffeate O-methyltransferase, and 
replication protein A.  Tandemly duplicated genes fell into a similar set of functions, except that they did 




Gene duplication is a major way of increasing an organism’s diversity of response to specific 
environmental conditions (Ohno, 1970; Flagel and Wendel, 2009).  Genes that have proliferated into 
multiple copy families can provide important clues to the specialized life habit of a species.  For this 
reason we have studied gene families in the two Petunia species, grouping similar genes into families, 
determining which families have expanded, and analyzing their annotations.  We concentrated on three 
types of comparison:  PinfS6 and PaxiN with each other, the two Petunia species with other Solanaceae 





Gene Families Generated by OrthoMCL 
 
For OrthoMCL analysis, genes from the six input species were filtered by requiring them to be at least 20 
amino acids long and contain no internal stop codons.  Only one representative peptide was used from 
each gene.   A total of 251,612 genes were analyzed, with 35,233 from PaxiN, 38,826 from PinfS6,   
34,727 from S. lycopersicum, 39,031 from S. tuberosum, 76,379 from N. benthamiana, and 27,416 from 
A. thaliana.  Table 1 summarizes the number of genes and the number of gene families found in 
different possible combinations of species.  A Venn diagram showing the percentage of genes in families 
found in all combinations of the five Solanaceae species can be found as Figure 2e in the main text. 
 
Table 1. Number of genes clustered into families by OrthoMCL. 











P. axillaris (PaxiN) 35233 829 314 6615 
P. inflata (PinfS6) 38826 1084 428 7782 
S. lycopersicum (Sl) 34727 1414 445 8433 
S. tuberosum  (St) 39031 4243 752 7659 
N. benthamiana (Nb) 76379 10848 2430 26425 
A. thaliana  (At) 27416 3820 1024 4890 
Petunia (PaxiN PinfS6) 74059 5948 2402 
Solanum (Sl St) 73758 4469 1175 
All other groups of 2 (mean) 85403 398 94 
All other groups of 2 (range) 62113-115410 27-974 8-268 
Solanaceae (PaxiN PinfS6 Sl St Nb) 224196 23238 3076 
All other groups of 5 (mean) 206773 2041 300 
All other groups of 5 (range) 
175233-
216885 558-6343 89-946 






OrthoMCL grouped these genes into 27,600 gene families, of which 9430 families contained 
genes from all six species.  These common families had 98,683 genes, or 39.2% of all genes.  In contrast, 
24.6% of the genes (61,804 genes) were not placed in any gene family (singletons).  
The number of gene families unique to specific groups of species was strongly influenced by the 
evolutionary relatedness of the two Petunia species and, to a lesser extent, the two Solanum species.   
There were 314 and 428 families containing only members of PaxiN and PinfS6, respectively, but 2402 
families containing members of both species.  Similarly, tomato and potato had 445 and 752 families 
unique to each species, but 1175 families had genes from both species.  As a comparison, all other 
combinations of two species were found to have between 8 and 268 families (average 94 families) 
containing members of both species.  When extended to all of the Solanaceae (i.e. all species except 
Arabidopsis), 3076 families were found to have genes from all five species. All other combinations of 5 
species had between 89 and 946 families in common, with an average of 300.   
Of the 27,600 gene families, 2347 families had at least five members from at least one species.  
These families were used for further analysis.  The largest family, consisting of retrotransposon 
polyproteins found almost exclusively in S. tuberosum, contained 1026 members. 
 
Gene Families Found in All Species 
 
“Balanced” gene families were defined as having at least 30 members distributed across the six species, 
with fewer than 80% in any single species or genus.  This category included 277 families containing 
15,337 genes (data not shown).   Most of the gene families in this category contained genes involved in 
normal cellular metabolism.  Only three of these families, with a total of 99 genes, had no known 
function, and none of the balanced gene families seemed to be associated with transposable elements.   
The largest balanced gene family contained subtilase family proteins, with 45-85 genes in each 
species.  The largest 20 families also included six families of protein kinases, four families of membrane 
transporters, three families of carbohydrate-active enzymes, and two families of pentatricopeptide 
repeat proteins.  Proteins in the latter group are involved with processing organellar RNAs (Barkan, 
2011).   Other types of family prominent on the list of balanced gene families include transcription 
factors, disease resistance genes, cytochrome P450 genes, and lipid-active genes. 
 
Gene Families Found Primarily in a Single Species 
 
Gene families that are almost unique to a single species were defined as having at least 30 family 
members with at least 80% of the members from a single species.  There were 108 gene families 
containing 10,736 genes in this category (Table 2).  The number of families varied widely among species, 
from a low of three families with 155 genes in PaxiN to a high of 62 families with 5434 genes in N. 
benthamiana.  Families unique to A. thaliana were not included.   In contrast to the balanced gene 
families, genes in the almost unique families were overwhelmingly either transposable element genes or 
genes with no known function.  Only four families containing 394 genes are not clearly categorized in 
one of these two categories: a FAR1-related transcription factor, a 60S ribosomal protein, an F-box 
protein, and a chromo domain-containing protein.   
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One group of genes found frequently in species-specific groups is Ulp1 proteases, which 
regulate the removal of small ubiquitin-like modifier (SUMO) peptides in a cell cycle-dependent manner 
(Elmore et al., 2011).   Ulp1 protease genes are found in several large families that are nearly species-
specific in all of the Solanaceae species.  Most of these genes are found adjacent to Mutator-like 
transposase genes.  These finding suggest that the Solanaceae  contain large numbers of CaMULE or 
Kaonashi elements (Hoen et al., 2006; van Leeuwen et al., 2007), which consist of an active Ulp1 
protease gene coupled to a transposase gene, as seen in cucumber and Arabidopsis.   
 
Table 2.  Near-unique gene families.   
                    
A. PaxiN  near-unique families: 3 families with 155 genes.a 
group total paxib pinf soly sotu nben ath   Family Annotation 
ppssna_223 48 43 1 0 2 2 0 RNase H 
2 families 107 98 2 1 1 5 0 Unknown protein 
B. PinfS6 near-unique families: 6 families with 349 genes. 
group total paxi pinf soly sotu nben ath   Family Annotation 
ppssna_119 67 3 59 0 3 2 0  gag-pol polyprotein 
2 families 137 6 128 0 2 1 0 Ulp1 protease 
3 families 145 5 137 2 0 1 0 Unknown protein 
C. Solanum lycopersicum near-unique families: 7 families with 394 genes. 
group total paxi pinf soly sotu nben ath   Family Annotation 
ppssna_84 85 2 6 70 4 0 3  Mutator-like transposase 
ppssna_91 82 1 1 69 7 2 2  gag-pol polyprotein 
ppssna_129 65 0 0 58 7 0 0 Ulp1 protease 
ppssna_198 52 1 0 49 2 0 0 retrotransposon zinc finger CCHC-type protein 
ppssna_301 40 0 0 40 0 0 0 Unknown protein 
ppssna_325 38 0 0 37 0 0 1 transposase-related hAT dimerisation domain 
ppssna_427 32 1 0 28 3 0 0  En/Spm-like transposon protein 
D. Solanum tuberosum near-unique families: 33 families with 4496 genes. 
group total paxi pinf soly sotu nben ath   Family Annotation 
ppssna_30 141 0 0 1 140 0 0 'chromo' domain containing protein 
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ppssna_259 44 0 0 4 40 0 0 RRNA intron-encoded homing endonuclease 
15 families 2168 2 2 7 2155 2 0  gag-pol polyprotein 
ppssna_11 260 0 0 0 260 0 0 Retrotransposon gag protein 
10 families 1480 0 10 4 1466 0 0 Integrase core domain 
6 families 403 1 4 5 386 7 0 Unknown Protein 
E. Nicotiana benthamiana near-unique families: 59 families with 5342 genes.  
group total paxi pinf soly sotu nben ath   Family Annotation 
ppssna_95 80 2 3 3 4 67 1 ribosomal protein L37a; Protein synthesis initiation factor 
ppssna_186 53 0 0 0 0 53 0 F box protein 
ppssna_50 120 3 2 2 0 113 0 FAR1 related sequence 
4 families 241 0 0 1 4 236 0  gag-pol polyprotein 
ppssna_48 121 0 0 0 0 121 0 Retrotransposon gag protein 
ppssna_195 52 2 1 0 1 48 0 Endonuclease/exonuclease/phosphatase 
ppssna_169 56 0 0 0 0 56 0 Ribonuclease H 
ppssna_151 60 0 0 0 0 60 0 Transposon MuDR mudrA protein 
ppssna_422 32 0 2 0 0 30 0  Mutator-like transposase 
6 families 730 2 7 34 4 682 1 Ulp1 protease 
44 families 3889 26 8 5 7 3843 0   Unknown protein 
aThe families listed here contained at least 30 members with least 80% of the genes in a single species. 
bSpecies abbreviations as in Table 1. 
 
 
Gene Families Found in a Single Genus 
 
This study includes two pairs of species from the same genus: the two Petunia species, and the two 
Solanum species, S. lycopersicum and S. tuberosum.  To examine genus-level differences, we searched 
for gene families with at least 30 members that had less than 80% of members from one species, but 
more than 80% in any two species (Table 3).   
Of the eight families that were mainly found in the two Petunia species, six families had similar 
numbers of genes in PinfS6 and PaxiN.  The other two families were found at least four times more 
frequently in one family than the other, but did not reach the cutoff of 80% from one species to be 
classified as single-species families.  The Petunia-specific gene families included three categories that 
were not unknown proteins or related to transposable elements:  two families of cytochrome P450 
genes, a family of HXXXD-type acyl-transferase family proteins, and a family of replication protein A 70 
kDa DNA-binding subunit B genes.  The latter two families are quite interesting as they represent 
potentially significant differences between Petunia and other Solanaceae; they are discussed below.   
All of the three Solanum-specific gene families were primarily found in one species: two from S. 
lycopersicum, which were both transposable element genes, and one from S. tuberosum, a family of 
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genes with unknown function.  This finding is consistent with the idea that the two Solanum species are 
more evolutionarily diverged than the two Petunia species. 
We also found two gene families that reached the criterion of 80% of members from two 
different species that were not members of the same genus.  One of these was a family of disease 
resistance genes that has many members in the two Solanum species as well as in Arabidopsis.  The 
other was a family of self-incompatibility proteins that surprisingly was found primarily in Arabidopsis. 
 
Table 3.  Gene families in which 80% of members came from two different species. 
A. Genus Petunia. 
Group Total paxia pinf soly sotu nben ath   Family Annotation 
ppssna_3 506 218 228 0 4 56 0  Mutator transposase 
ppssna_85 85 33 42 0 2 8 0  Unknown protein 
ppssna_100 77 6 60 4 1 6 0  Mutator transposase 
ppssna_111 70 41 28 0 1 0 0 replication protein A 70 kDa DNA-binding subunit B 
ppssna_128 65 48 11 1 5 0 0  RNase H family protein 
ppssna_145 61 28 23 3 7 0 0 HXXXD-type acyl-transferase family protein 
ppssna_197 52 26 26 0 0 0 0 Cytochrome P450 
ppssna_276 42 16 19 2 2 3 0 Cytochrome P450 
B. Genus Solanum. 
Group Total paxi pinf soly sotu nben ath   Family Annotation 
ppssna_203 51 3 3 38 3 1 3 Helitron helicase-like protein 
ppssna_230 47 2 2 36 5 2 0 Mutator transposase 
ppssna_451 31 2 3 4 21 1 0 Unknown protein 
ppssna_477 30 2 0 1 24 3 0 Unknown protein 
C. Other Groups. 
Group Total paxi pinf soly sotu nben ath   Family Annotation 
ppssna_33 136 2 4 16 36 4 74 Disease resistance protein (TIR-NBS-LRR class) 
ppssna_456 30 2 0 3 4 0 21   Plant self-incompatibility protein S1 family 
aSpecies abbreviations as in Table 1. 
 
Gene families in Solanacae vs. Arabidopsis 
 
We attempted to locate and analyze gene families that are well-distributed among the five Solanaceae 
species but rare in Arabidopsis, or which are almost unique to Arabidopsis.  Table 4A shows a summary 
of gene families with at least 30 members that had fewer than 80% of genes in any of the Solanaceae 
species or in the Petunia or the Solanum genera, but which had fewer than 2.5% of their genes in 
Arabidopsis.  These included 46 gene families containing 3285 genes.  The largest annotation categories 
were disease resistance (749 genes), transposable elements (736 genes), cytochrome P450 (307 genes), 
and protein degradation (210 genes).   In addition, there were 486 genes with no annotation other than 
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“unknown”.  At least some of these unknown genes are probably transposon-related: blastp searches 
using these genes with the NCBI nr database show some weak hits to both DNA transposons and 
retrotransposons.   There were also 797 genes with functions that did not any of the other categories; 
these included several families of receptor protein kinases, genes involved in the biosynthesis of primary 
and secondary metabolites, and transporters. 
 
Table 4. Numbers of genes and gene families found in functional categories: Solanaceae vs. Arabidopsis. 












genes   
A. Solanaceae Gene Families. 
Total  number 59 538 794 515 663 775 8 
DNA transposon 9 55 172 183 27 111 0 
Retrotransposon 3 38 7 22 47 44 0 
F-box protein 0 0 0 0 0 0 0 
cytochrome P450 4 58 86 40 83 40 0 
DNA-interacting 1 6 6 5 8 7 0 
Disease resistance 11 139 193 105 204 108 1 
Metabolic enzymes 5 38 42 38 59 33 2 
Protein degradation 6 68 112 20 50 22 1 
Protein kinase 4 24 27 26 49 31 1 
Carbohydrate active 4 39 54 33 46 40 0 
Lipid active 2 10 13 18 29 13 2 
Other   1 12 12 6 4 7 1 
Unknown protein 9 51 70 19 57 319 0 
B. Arabidopsis Gene Families 
Total  number 15 11 9 7 8 5 913 
DNA transposon 0 0 0 0 0 0 0 
Retrotransposon 0 0 0 0 0 0 0 
F-box protein 6 6 4 3 5 2 469 
cytochrome P450 1 1 2 1 1 1 33 
DNA-interacting 0 0 0 0 0 0 0 
Disease resistance 0 0 0 0 0 0 0 
Metabolic enzymes 0 0 0 0 0 0 0 
Protein degradation 0 0 0 0 0 0 0 
Protein kinase 2 1 2 2 1 1 80 
Carbohydrate active 2 0 0 0 0 0 79 
Lipid active 0 0 0 0 0 0 0 
Other   3 2 1 1 1 0 216 
Unknown protein 1   1 0 0 0 1 36   
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Table 4B shows 15 gene families (913 genes) that had at least 80% of their members from 
Arabidopsis.  The largest single annotation category (469 Arabidopsis genes) is proteins containing an F-
box.  There were also 36 genes with unknown functions and 408 genes in other categories.  The 
unexpected lack of transposable element genes may be attributable to the removal of such genes in the 
original Arabidopsis annotation process.  
 
Functional Categories of Gene families Expanded in Petunia 
 
In a further attempt to find interesting gene families that were expanded in Petunia, we identified all 
gene families with at least five members from one of the Petunia species and no more than one member 
from each of the non-Petunia species.  The families were divided into PaxiN-specific (30 families with 
261 genes), PinfS6-specific (24 families with 198 genes), and Petunia-specific (88 families with 1292 
genes) categories. The families were then categorized (Table 5). 
 
Table 5. Gene families with at least 5 members from Petunia and no more than 1 member from each of the  
non-Petunia species. 
Family Total paxi pinf soly sotu nben ath   Family annotation 
A. PaxiN 
ppssna_3008 11 1 10 0 0 0 0 Blue copper protein; cupredoxin 
ppssna_4370 9 9 0 0 0 0 0 AT hook motif DNA-binding family protein 
ppssna_5915 8 7 1 0 0 0 0 Cyclin-D-binding Myb-like transcription factor 
ppssna_5912 8 8 0 0 0 0 0 1-aminocyclopropane-1-carboxylate synthase 
ppssna_5909 8 8 0 0 0 0 0 Cytochrome P450 
ppssna_14546 5 5 0 0 0 0 0 Ribonuclease H-like domain 
6 families 58 55 3 0 0 0 0 Mutator-like Transposase 
3 families 28 27 1 0 0 0 0 Endonuclease/exonuclease/phosphatase 
13 families 115 103 12 0 0 0 0 Unknown protein 
B. PinfS6 
ppssna_3024 11 0 11 0 0 0 0 CCR4-NOT transcription complex subunit  
2 families 11 5 6 0 0 0 0 Ribonuclease H  
ppssna_5832 8 0 8 0 0 0 0 mitogen-activated protein kinase 12 
ppssna_14492 5 0 5 0 0 0 0 protein disulfide isomerase 
19 families 0 0 0 0 0 0 0 Unknown protein 
C. Petunia genus 
11 families 129 52 62 6 5 3 1 F-box family protein 
ppssna_111 70 41 28 0 1 0 0 Replication protein A 
ppssna_197 52 26 26 0 0 0 0 Cytochrome P450 
ppssna_699 24 7 17 0 0 0 0 FAR1-related protein 
ppssna_759 23 5 18 0 0 0 0 Disease resistance protein (CC-NBS-LRR class) 
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ppssna_886 21 7 13 1 0 0 0 FAR1-related protein 
ppssna_1900 14 6 7 1 0 0 0 ubiquitin-protein ligase 
ppssna_2246 13 5 4 1 1 1 1 cysteine-type endopeptidase inhibitor 
ppssna_2248 13 4 6 1 1 1 0 Interferon related developmental regulator 
ppssna_2593 12 4 8 0 0 0 0 Zinc finger, RING/FYVE/PHD-type 
ppssna_2595 12 6 6 0 0 0 0 Histone superfamily protein 
ppssna_2594 12 4 6 1 1 0 0 HXXXD-type acyl-transferase 
ppssna_2591 12 10 2 0 0 0 0 1-aminocyclopropane-1-carboxylate oxidase 
ppssna_3010 11 3 8 0 0 0 0 Nse4 component of Smc5/6 DNA repair complex 
ppssna_3036 11 7 4 0 0 0 0 HXXXD-type acyl-transferase 
ppssna_3019 11 7 4 0 0 0 0 GDSL esterase/lipase 
ppssna_3020 11 7 4 0 0 0 0 ATP synthase subunit-like protein 
ppssna_3027 11 5 3 1 1 1 0 UDP-Glycosyltransferase 
ppssna_3531 10 5 4 0 0 1 0 GDSL esterase/lipase 
ppssna_3551 10 2 6 0 1 1 0 RNase Phy3 [Petunia x hybrida] 
ppssna_3544 10 3 7 0 0 0 0 Disease resistance protein (CC-NBS-LRR class) 
ppssna_4347 9 5 4 0 0 0 0 HXXXD-type acyl-transferase 
ppssna_5824 8 1 5 1 0 1 0 FAR1-related protein 
ppssna_5835 8 3 5 0 0 0 0 serpin serine protease inhibitor 
ppssna_5846 8 1 5 1 1 0 0 Caffeate O-methyltransferase (COMT) family) 
ppssna_5878 8 2 5 0 1 0 0 Cytochrome P450 
ppssna_11782 6 6 0 0 0 0 0 Zinc finger, CCHC-type; transcription regulation 
13 families 172 103 61 1 2 5 0 Mutator-like Transposase 
2 families 93 11 80 1 0 1 0 Ulp1 protease 
ppssna_3011 11 0 9 0 1 1 0 Helitron helicase protein 
ppssna_1177 18 17 0 0 1 0 0 gag non-LTR retrotransposase 
4 families 84 66 10 3 3 2 0 Ribonuclease H  
2 families 63 10 53 0 0 0 0 Aminotransferase-like, plant mobile domain 
26 families 275 130 124 7 6 8 0   Unknown protein 
 
Most of the gene families that are expanded in one Petunia species relative to the other, or in 
both Petunia species relative to the other Solanaceae, are transposable element genes (35 families with 
543 genes) or genes with no known function (57 families with 553 genes).   
Both cytochrome P450 genes (three families with 60 genes) and disease resistance genes (two 
families with 33 genes) of the CC-NBS-LRR type (Moffett et al, 2002; McHale et al., 2006) are found in 
several families that  are shared widely among all species, and in other families are almost species-
specific (Tables 3 and 7).  Both of these categories contain many genes, some of which are needed for 
common disease and metabolic issues, while others are needed for species-specific problems. 
The DNA-interacting proteins include several families of transcription factor as well as some 
genes that may be involved in chromatin remodeling, DNA repair, or other higher level regulatory 
functions. Similarly, there are four families of genes that can be categorized as affecting protein 
degradation, including 11 families of F-box proteins, which are involved with ubiquitylation of proteins 
targeted for degradation. 
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The most interesting families in this analysis have relatively specific metabolic functions that 




We performed a search for tandem duplications that were amplified in Petunia relative to tomato.  The 
size distribution of tandem arrays in the three genomes is quite similar, with PaxiN having 7732 genes in 
2865 tandem arrays, PinfS6 having 7883 genes in 2967 tandem arrays, and tomato having 8715 genes in 
3018 arrays (Figure 1).  Despite similar size distributions, the Petunia tandem arrays differ strikingly from 
the tomato arrays in that the average distance between array members in both Petunia species is more 
than twice that of tomato (Table 6). 
 
 
Fig 1. Number of tandem 
arrays vs. number of 
genes per array.   
Individual tandem arrays were compared between species by examining the best blastp hits and 
determining which arrays they belonged to.  Arrays were considered to be of significantly different sizes 
if the sum of the array sizes of best blastp hit genes in the target species was less than half the array size 
in the original species.  
Of the 26 tandem arrays with 10 or more members in PaxiN, ten were unique to this species, 
while six of the 20 large arrays were unique to PinfS6.  Out of 46 total large arrays in the two species 
combined, 19 were found in Petunia but not tomato (Table 7). Prominent among these were three 
arrays of pentatricopeptide genes unique to PaxiN; these genes are involved in RNA editing in the 
organelles (Nakamura et al., 2012).  Three arrays of genes encoding 2-oxoglutarate and Fe(II)-dependent 
dioxygenase superfamily proteins, two in PaxiN only and one in both Petunia species, were found; these 
enzymes play a variety of metabolic roles including hormone and pigment synthesis as well as DNA 
repair and histone demethylation (Farrow and Facchini, 2014).  Each Petunia species also has a unique 
array of cytochrome P450 genes.  Many of the Petunia-specific tandem arrays encode F box protein 
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genes, many of which are involved in ubiquitylation of proteins destined to be degraded as well as 
hormone signaling pathways and self-incompatibility (Smalle and Vierstra, 2004).  The arrays that are 
shared by all three species, including glutaredoxin, protease inhibitors, and genes involved with 
carbohydrate metabolism. 
 
Table 6. Average distance between tandem array members.       














< 10,000 bp                     958 33.4   967 32.6   1678 55.6 
10,000 - 49,999 bp        1273 77.9 1327 77.3 998 88.7 
50,000 - 99,999 bp        327 89.3 393 90.6 167 94.2 
100,000 -199,999 bp    215 96.8 201 97.3 88 97.1 
200,000 - 499,999 bp   77 99.5 68 99.6 51 98.8 
500,000 - 999,999 bp   15 100 8 99.9 21 99.5 
> 1,000,000 bp 0 100 3 100 15 100 
          
          
total number of arrays 2865   2967   3018 
median average dist      19331     20504     8384   
 
 
Table 7.  Large tandem arrays that are expanded in Petunia species. 
  Array number size annotation 
PaxiN only. 
paxi_1645 22 Pentatricopeptide repeat-containing protein 
paxi_291 15 2-oxoglutarate and Fe(II)-dependent oxygenase superfamily protein 
paxi_887 14 Pentatricopeptide repeat-containing protein 
paxi_1870 12 LRR receptor-like serine/threonine-protein kinase 
paxi_1311 11 F-box protein  
paxi_331 11 cytochrome P450 
paxi_582 10 Protein phosphatase 2C family protein (signal transduction) 
paxi_1014 10 Pentatricopeptide repeat-containing protein 
paxi_1881 10 Chaperone DnaJ-domain superfamily protein 
paxi_2296 10 2-oxoglutarate and Fe(II)-dependent oxygenase superfamily protein 
PinfS6 only. 
pinf_1629 16 Unknown protein GO:0003677 (DNA binding) 
pinf_2365 16  Disease resistance protein (CC-NBS-LRR class) 
pinf_941 13 Cytochrome P450 
pinf_848 10 Actin 
pinf_891 10 F-box family protein  
pinf_970 10 unknown protein, chloroplast related 
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PaxiN and PinfS6. 
paxi_2069 17 Polyadenylate-binding protein 2 (=pinf_1516) 
paxi_1140 15 F-box/FBD/LRR-repeat protein 
paxi_2715 13 Cc-nbs-lrr, resistance protein with an R1 specific domain (=pinf_1603) 
paxi_24 12 Protein of Unknown Function (DUF239) 
paxi_65 12 2-oxoglutarate and Fe(II)-dependent oxygenase superfamily protein (=pinf_2470) 
paxi_558 12 F-box/RNI-like superfamily protein (=pinf_936) 
paxi_848 11 F-box/RNI-like superfamily protein 
paxi_853 11 F-box/FBD/LRR-repeat protein 
paxi_1101 11 Cc-nbs-lrr, resistance protein 
paxi_1890 11 F-box/FBD/LRR-repeat protein  (=pinf_188) 
paxi_2438 10 Unknown protein 
pinf_1603 18 Cc-nbs-lrr, resistance protein with an R1 specific domain (=paxi_2715) 
pinf_2470 16 2-oxoglutarate and Fe(II)-dependent oxygenase superfamily protein (=paxi_65) 
pinf_2209 14 F-box/RNI-like superfamily protein 
pinf_1516 12 Polyadenylate-binding protein 2 (=paxi_2069) 
pinf_188 11 F-box/FBD/LRR-repeat protein (=paxi_1890) 
pinf_323 10 F-box family protein  
pinf_936 10 F-box/RNI-like superfamily protein (=paxi_558) 
pinf_1451 10 wall-associated kinase  
PaxiN and S. lycopersicum. 
paxi_292 18 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein 
paxi_1683 15 SAUR-like auxin-responsive protein family 
paxi_38 10 cytochrome P450 
PinfS6 and S. lycopersicum. 
pinf_967 13 alpha/beta-Hydrolases superfamily protein 
All three species. 
paxi_2165 12 subtilisin-like serine protease (=pinf_1903) 
paxi_913 10 Glutaredoxin (=pinf_1755) 
paxi_1778 10 UDP-glucosyltransferase  
pinf_468 12 Serpin (Serine protease inhibitor)  
pinf_902 12 cytochrome P450 
pinf_1903 11 subtilisin-like serine protease (=paxi_2165) 
pinf_526 10 xyloglucan specific endoglucanase inhibitor 








The gene families used in this study were generated by OrthoMCL from an all-vs-all blastp search.  
OrthoMCL is a clustering method and as such the groups it forms are partly based on unknown internal 
parameters and vagaries of the input data. However, several intermediate sets of gene families were 
generated from various combinations of the species, and we found that gene families were relatively 
stable.  On the average, the effect of adding the genes from one additional species was that 96.9% of 
the genes in the largest 500 gene families remained clustered together in the same family. Also, an 
average of 434 of these families had all members clustered into the same family when an additional 
species was added, and an average of 469.5 families had at least 90% of their members clustered into 
the same family.  In general, gene family membership remained intact when new sets of genes were 
added.  For this reason we believe that when genes of the same functional annotation are placed in 
different gene families, the two families will be detectably different when subjected to phylogenetic 
analysis and probably functionally differentiated.  
The evolution of transposons, as well as that of the Ulp1 protease sequences that are associated 
with many Mutator-like transposons, is apparently much less constrained than other gene families, as 
these genes are the largest category of species- and genus-specific genes.  The large number of genes 
with unknown functions in the species-specific categories might also include novel transposons.  
However, genes with unknown function may also include some with functions that are truly novel to 
Petunia, and they may also include some sequences that are incorrectly labeled as genes.  
 The most interesting gene families that have been differentially amplified in Petunia are those 
with known metabolic functions that might point to Petunia-specific activities.  Genes coding for 1-
aminocyclopropane-1-carboxylate synthase (ACS) were found in all the species studied, with between 9 
and 17 members per genome.  However, PaxiN has an additional 18 ACS genes in two families, with only 
two PinfS6 genes in one family and none in the other.   The enzyme coded by these genes is the rate-
limiting step in ethylene biosynthesis.  It is encoded as a multigene family in all sequenced plant 
genomes, with different isozymes that have different patterns of gene expression (Yamagami et al., 
2003). Similarly, both Petunia species share a family of 1-aminocyclopropane-1-carboxylate oxidase 
genes, not found in the other species.  These genes code for the final step in ethylene production 
(Kende, 1989). 
The HXXXD-type acyl-transferase genes are found in both Petunia species in relatively equal 
numbers, but there are very few members from any of the other species.  An important sub-category of 
these enzymes are the hydroxycinnamoyl CoA quinate transferases, which are involved in the 
production of chlorogenic acids (Sonnante et al., 2010).  These secondary metabolites have multiple 
functions in plants, including lignin biosynthesis, UV light protection and pest resistance.  
Caffeate O-methyltransferase (COMT) family enzymes are involved with the biosynthesis of 
many phenylpropanoids, including  lignin, anthocyanin, and a number of defensive and stress-induced 
compounds (Joshi and Chiang, 1998). There is one member of this family in each of the Solanaceae 
except PinfS6, which has five members.   
PaxiN has a family of genes that contain a cupredoxin fold, including blue copper protein and 
laccase.  Genes of this general type are found in all the species studied, with several different families 
found in each species.  In Petunia, one family has ten copies in PinfS6 but only one in PaxiN, with no 
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members in any of the other species.  These proteins perform oxidation-reduction reactions in 
photosynthesis, oxygenations and they have an intense blue color (Nersissian et al., 1998).  
FAR1-related sequences are transcription factors that mediate the far-red light responses in 
higher plants.  They have a domain structure similar to Mutator-like transposases.  It is possible that the 
gene families annotated as FAR1-related are transposon-related (Hudson et al., 2003).   
Replication protein A is a heterotrimer composed of 70 kDa, 32 kDa, and 14 kDa subunits that is 
involved with several aspects of DNA metabolism, including replication and repair.  Animals and yeast 
have only a single set of RPA genes, but plants have at least two distinct types of RPA proteins, which 
may have separated replication functions from repair functions, and which may be specific to organelles 
or the nucleus (Sakaguchi et al., 2009).  Gene family ppssna_111 contains 70 members, 69 of which are 






Peptide sequences from S. lycopersicon, S. tuberosum, and N. benthamiana  were downloaded from the 
Sol Genomics Network web site (http://solgenomics.net).  For tomato, the ITAG Release 2.3 genomic 
annotations were used (Tomato Gene Consortium, 2012).  The PGSC version 3.4 was used for S. 
tuberosum (Xu et al., 2011).  N. benthamiana draft genome sequences from release 0.4.4 (Bombarely et 
al., 2012).  The Arabidopsis thaliana peptides and annotations were downloaded from 
http://www.arabidopsis.org , using version TAIR10.  
Blastp from blast+ version 2.2.27 was used to do an all-versus-all comparison of the peptides 
from the six species (Altschul et al., 1997).  The blastp results were used to group genes into families 
with OrthoMCL version 2.0.8  (Li et al., 2003).  The annotations from the genes grouped into families 
were analyzed using custom software written in Perl.  Functional annotations for groups were created 
by attempting to find a consensus among annotations for individual genes, with a bias against leaving 
the function as “unknown”. 
Tandem duplications in the two Petunia species and in tomato were detected using the SynMap 
function of CoGe (Lyons and Freeling, 2008; Lyons et al., 2008), and were defined as two or more genes 
with significant sequence homology lying within ten genes of each other on the same contig.  Individual 
tandem arrays were compared between species by examining the best blastp hits and determining 
which arrays they belonged to.  Arrays were considered to be of significantly different sizes if the sum of 
the array sizes of best blastp hit genes in the target species was less than half the array size in the 
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Polyploidy events, or whole genome duplications, have had a strong impact on land plant 
diversification, adaptation and speciation. Genomic investigations have found that polyploidy is 
ubiquitous among angiosperms and have identified independent lineage-specific ancient 
polyploidizations. Traces of these ancient polyploidy events, or paleopolyploidy events, can still be 
identified although duplication events are followed by massive gene loss (fractionation) and 
chromosomal structural rearrangements. The sequencing of the genome of Petunia axillaris N offers 
an ideal opportunity to study paleopolyploidy and gene fractionation in the evolutionary context of 
radiation due to the unique phylogenetic location of Petunia in the Solanaceae family. Our study 
confirms the previously inferred Solanaceae paleohexaploidy event. We also demonstrate that the 
Petunia lineage has experienced at least two rounds of paleohexapolyploidization, the older gamma 
hexaploidy event, which is shared with other Eudicots, and the more recent Solanaceae 
paleohexaploidy event that is shared with tomato and other Solanaceae species. Despite the shared 
paleohexaploidy event, we found that the process of gene fractionation is less profound in Petunia 
compared to tomato. This indicates that fractionation of gene content was not complete when these 
lineages diverged and independent gene loss events may have contributed to the speciation of the 
lineages, similar to what has been observed in Saccharomyces yeasts but so far not shown in 






Genomic analysis of numerous plant species has found that polyploidy is ubiquitous among 
angiosperms, with shared and independent lineage-specific ancient polyploidy (or paleopolyploidy) 
events (Soltis et al., 2008; Jiao et al., 2011). While most paleopolyploidy events are ancient genome 
doublings (paleotetraploidies), there are a few important examples of ancient triplications 
(paleohexaploidies). For example, the gamma polyploidy event near the origin of Eudicots (e.g. 
Rosids and Asterids) is a genome triplication most clearly seen by the analysis of the grape genome 
(Jaillon et al., 2007). Ancient genome triplication events have also been detected by analysis of 
Brassica and Cleomaceae species (Barker et al., 2009; Wang et al., 2011; Cheng et al., 2013). 
Additionally, the genome analysis of tomato suggested that there was an ancient polyploidy event 
somewhere during the evolution of the plant family Solanaceae (Tomato Genome Consortium, 2012), 
however the exact timing and nature of this triplication is not yet established. 
 
Sub-genomes created by paleo-polyploidization can differentiate in terms of gene density due to 
uneven or biased gene fractionation (Thomas et al., 2006), and levels of gene expression due to 
genome dominance (Schnable et al., 2011). Biased gene fractionation and genome dominance have 
been found between subgenomes/duplicated regions in some plants and yeast (Schnable et al., 
2011; Wang et al., 2011). In other plants, a second pattern of gene fractionation involving no bias 
either in gene fractionation or in genome dominance has been observed (Garsmeur et al., 2013; 
Chalhoub et al., 2014). Interestingly, patterns of genome fractionation from a shared polyploidy 
event seem to be similar within plant clades (for example, across grasses and across crucifers). This 
contrasts with observations from Saccharomyces yeasts where early-branching clades show an 
independent pattern of genome fractionation than later branching species (Scannell et al., 2006). 
Paleopolyploidy events may contribute to the radiation between crown-groups (large phylogenetic 
clades) and sister-groups (smaller early-branching clades) by providing genetic material for the 
evolution of novel trait(s) (reviewed in Schranz et al., 2012; Tank et al., 2015). However, it is not yet 
clear why there appears to be a lag between the timing of the polyploidy event and the eventual 
radiation of species (referred to as the WGD radiation lag-time). One possible cause and/or 
mechanism could be due to the time to establish differential genome fractionation between crown-
group species and early-branching sister-species. However, to date very few sister-lineages have 




Figure 1:  Simplified phylogeny of crown-group Solanaceae (x=12 
clade) which includes most important crop species in relation to the 
early-branching sister-group including Petunia and the out-group 
family Convovulaceae including sweet potato. The Crown- and 
Sister-groups of the Solanaceae share an ancient genome triplication 
(paleohexaploidy) (shown by star-burst) with duplicate gene pairs 









In this study we focus on the paleopolyploid history and gene fractionation in two Solanaceae 
species, tomato (a member of the crown-group) and Petunia axillaris N (a member of the smaller-
sister group). The Solanaceae plant family contains more than 3000 species, with most of the species 
found in the crown-group defined as the large “x=12” clade (Särkinen et al., 2013) and the 
Convolulaceae, including sweet potato being the outgroup family (Figure 1). The Solanaceae crown-
group contains a variety of important crops such as tomato, potato, tobacco, and eggplant. Genome 
collinearity analysis between tomato and grape has been used in establishing a genome triplication in 
the Solanaceae (Tomato Genome Consortium, 2012). Genomic dot plots revealed that much of the 
tomato genome was covered in regions either duplicated or triplicated in comparison to grape 
(Tomato Genome Consortium, 2012). While the existence of triplicated segments suggested that a 
genome triplication was highly probable in the Solanaceae lineage, they could also have arisen 
through genome doubling followed by segmental duplications. These ambiguous genomic patterns 
have led to alternative interpretations. Analysis of the Mimulus guttatus genome, which is another 
related lineage to the Solanaceae in the family Phrymaceae, does not share the Solanaceae 
paleohexaploidy event, but has an independent paleotetraploidy event (Ibarra-Laclette et al., 2013). 
Analysis of Mimulus and tomato did not yield additional insight into the structure of the Solanaceae 
paleohexplaoidy event due to the independence of their respective WGD events.  
 
Here we validate previous findings and investigate the role of whole genome triplication and gene 
fractionation in the evolutionary context of radiation by taking advantage of the phylogenetic 
location of Petunia, which is part of the Solanaceae “first-branching” or “sister-group”. We showed 
that Petunia has experienced a paleohexaploidy event subsequent to its divergence from the grape 
lineage and that this event is dated to have occurred before tomato-Petunia split (and thus predated 
the other x=12 crown-group species as well). Additionally, we showed that following this shared 
genome triplication; the tomato genome has retained fewer genes than the Petunia genome. The 
high fractionation level in the tomato lineage may have contributed to the initial difficulties in clearly 
identifying the three triplicated regions within the tomato genome. We finally show that gene 
fractionation occurred in “two steps” with a first shared fractionation process in the Petunia and 
tomato lineages consecutive/subsequent to their common Solanaceae paleohexaploidy event. Gene 
fractionation then continued independently following the divergence of these two lineages. This is 
evidence that fractionation of gene content was not complete when these lineages diverged and may 
have contributed to the diversification of the lineages, similar to what has been observed in 





Petunia shares the Eudicot paleohexaploidy event 
We first addressed if the Petunia genome shares the gamma genome triplication with other Eudicots. 
We performed whole genome collinearity analysis of grape and Petunia axillaris N (Figure 2). The 
genome hexaploidy event, or “gamma”, could be clearly highlighted in a self-self grape comparison, 
as the grape genome has not undergone a more recent polyploidy event since gamma (Jaillon et al., 
2007). Indeed, by analyzing a given genomic region by traversing the grape/grape dot plot 
horizontally we identified the three syntenic regions generated by the Eudicot paleohexaploidy 
gamma event (Figure 2a; see red dashed lines for example). Similarly, in the grape vs. Petunia dot 
plot we observed three syntenic regions (in green), called out-paralogs, which also originated from 
the gamma event (Figure 2b; see red dashed lines). In the grape-Petunia dot plot, the syntenic blocks 
on the diagonal correspond to the orthologous regions between grape and Petunia. The orthologous 
regions show a smaller Ks value (~1.58) than the “gamma” regions (~2.69), confirming that the 
gamma triplication predates the divergence of grape and Petunia (Figure 2c). 
 
 
Figure 2: Evidence that Petunia shares the 
eudicot paleohexaploidy event with grape. 
Whole genome syntenic dot plots between (a) 
grape and itself; (b) grape and Petunia. 
Petunia’s contigs are ordered and oriented 
based on synteny to grape. Red dashed lines 
highlight syntenic regions in both dotplots 
generated by the eudicot paleohexaploidy 
event, gamma. In (b) syntenic gene pairs are 
colored by synonymous mutation (Ks) values. 
Histogram of log 10 transformed Ks values is 
shown in (c). Orthologous and out-paralogous 
(derived from gamma event) are highlighted 
with arrows and labels. Analysis may be 
regenerated: (a) 
https://genomevolution.org/r/dv2k; (b) 




Petunia shares the more recent hexaploidy event with crown-group Solanaceae  
Refined analyses of orthologous regions from our grape-Petunia comparison also reveal that the 
Petunia lineage underwent one additional independent hexaploidy event after its divergence from 
the grape lineage (Figure 3). By zooming in the grape-Petunia dot plot along the orthologous regions, 
we observed that cluster of orthologous regions appear to be either duplicated or triplicated in 
Petunia (Figure 3b), providing evidence for a subsequent polyploidy event (either tetraploidy or 
hexaploidy) in the Petunia lineage. These duplicated or triplicated segments were isolated as “boxed” 
areas along the diagonal, as a result of the Syntenic Path Assembly (SPA) algorithm in CoGe SynMap 
(Lyons et al., 2011). We then scrutinized manually each boxed region for microsynteny and 
duplicated regions were subsequently searched in order to capture additional syntenic regions, 
which can be missed or misplaced by the automated syntenic path assembly algorithm used to order 
Petunia’s contigs. In all cases of syntenic regions that appeared duplicated in the grape-Petunia dot 
plot, an additional syntenic region was identified in an exhaustive search. More precisely, we 
carefully analyzed the microsynteny for each box regions identified in the Figure 3b (labeled A-I) as 
shown in Figures 4-6. Each figure identifies three syntenic orthologous regions of Petunia to one 
region of grape, consistent with a paleohexaploidy event in Petunia. 
The Petunia regions show consistent patterns of fractionation following polyploidy when 
compared to an unduplicated outgroup region from grape. Of the nine regions from grape analyzed, 
all but one had three syntenic regions in Petunia, thus confirming that the triplication is genome-
wide although with varying degrees of clarity. The genomic regions A, C, F, G, H and I showed similar 
patterns of retention/loss (fractionation) across each of the triplicated regions. Note that in region F, 
it is possible to see a genomic insertion in grape. By contrast, the third (small) syntenic region found 
by SynFind for the B region is highly fractionated with relatively fewer retained duplicated genes. The 
D and E regions appear to be more complicated and are impacted by other genomic rearrangement 
events. For the D region, a number of tandem duplications/inversions are present. In addition, the 
third region shows weak synteny with the grape genome indicating a higher degree of fractionation 
or poor assembly. For the E region, the first and the third Petunia regions do not have overlapping 
synteny with grape . These results provide unequivocal evidence that Petunia lineage has an 
independent hexaploidy event after its divergence with grape lineage.  
Figure 3: Evidence that the 
Petunia lineage had a subsequent 
hexaploidy event following its 
divergence with the grape 
lineage. Whole genome syntenic 
dot plot between grape and 
Petunia showing their entire 
genomes (a) or a zoomed in 
region of the dot plot (b). In the 
zoomed in region (b) multiple 
syntenic orthologous regions of 
Petunia are seen. These were 
given boxes to identify regions 
that appear to be triplicated (red) 
or duplicated (blue). Analysis 













Figures 4-6: Evidence that Petunia is triplicated compared to grape. Microsynteny analysis of selected regions identified in 
Figure 3. Each figure identifies three syntenic orthologous regions of Petunia axillaris N (PaxiN) to one region of grape (Vitis 
vinifera, Vv). Each figure has a link to generate the analysis along with notes about the quality of the pattern of synteny. 
Each genomic region is represented by a horizontal panel with a dashed line separating the top and bottom strands of DNA. 
Gene models are represented as colored arrows located immediately above and below the dashed line. Regions of 
sequence similarity are shown as colored blocks with lines connecting them between genomic panels. Synteny is inferred as 
a colinear arrangement of homologous genes forming parallel connecting lines. 
 
We then examined if the subsequent hexaploidy event we found in the Petunia genome corresponds 
to the Solanum hexaploidy event previously found by analyzing the tomato, potato and tobacco 
genomes (Tomato Genome Consortium, 2012).  
We analyzed the synteny between tomato and Petunia genomes (Figure 7). The 
corresponding dot plot highlights three types of genomic regions colored according to the Ks values; 
the orthologous regions (in purple) and two different out-paralogous regions (in blue and green). 
Much of the two genomes were covered in one-to-one matching orthologous regions, which 
suggests that the paleopolyploidy level is similar between the two genomes. The out-paralogous (II), 
in green, represent regions that are originated by the old Eurosid hexaploidy gamma event as 
indicated by the “weak” peak in the Ks value histogram (Figure 7b). While the out-paralogs (I), in 
blue, are originated from the youngest Solanum hexaploidy event. This result provides strong 
evidence that Petunia shares the Solanum hexaploidy event. This is further confirmed by the similar 
syntenic patterns seen between both Solanum and Petunia to grape (Figure 8). 
 
Figure 7: Evidence that Petunia and Solanum share a paleohexaploidy event. (a) Whole genome syntenic dot plot between 
tomato and Petunia with (b) histogram of log 10 transformed Ks values for syntenic gene pairs. Orthologous regions are 
colored purple; those derived from their shared Solanum-specific polyploidy event are colored blue; and those derived from 






Figure 8: Evidence that Petunia shares the Solanum paleohexaploidy event. Whole genome syntenic dot plots between (a) 
grape and Petunia; (b) grape and tomato; (c) tomato and Petunia; (d) tomato and tomato. Syntenic regions are labeled in 
each dot plot as to their evolutionary origins and correlated patterns are highlighted with dashed red lines. Note, dashed 
red lines are not drawn vertically for Petunia across tomato and grape because the syntenic path ordering of Petunia’s 
contigs is not necessarily the same for those two genomes. Analyses may be regenerated: (a) 
https://genomevolution.org/r/dv2m; (b) https://genomevolution.org/r/et8d; (c) https://genomevolution.org/r/e1ch; (d) 
https://genomevolution.org/r/et88 
 
An in-depth depiction of a set of syntenic regions 
To go a step further we performed a detailed examination of one grape syntenic region, the region 
between bases 1,452,300 and 1,645,417 on chromosome 3 of grape (see Figure 6, region G, Table 1). 
This region provides evidence for the ancient triplication of the Solanaceae, followed by a later 
separation of the Petunia lineage from the Solanum lineage, and then by numerous independent 
gene loss and tandem duplication events. Here, a single grape region matches three distinct regions 
in both Petunia axillaris and Solanum lycopersicum. The region contains 22 grape genes, of which 20 
have at least one match in a syntenic region of Petunia or tomato. All genes in all 7 syntenic 
segments are found in the same order and on the same strand relative to each other, allowing for 
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reverse complementation of the entire region as necessary. One region in each species is clearly 
dominant, which is the best match to the grape region. The dominant syntenic regions in Petunia (on 
scaffold Scf00362) and tomato (on chromosome 1) share 19 of the 20 matching genes, respectively; 
the one shared gene found in grape but not in either of the dominant regions is found on one of the 
other petunia syntenic regions.  
The other four secondary syntenic regions share 6-9 genes with the grape region. The two 
secondary regions within each species show little similarity with each other. However, the syntenic 
regions on Petunia Scf00042 and tomato chromosome 10 appear to be derived from a common 
ancestor after the triplication event. They share 2 genes at the left end of the region not found in the 
other regions, as well as 7 other genes also found in the dominant regions. The only differences 
between the Petunia Scf00042 region and the tomato chromosome 10 region are a tandem 
duplication of a tomato gene, and one syntenic gene found in Petunia but not tomato. This similarity 
demonstrates that the triplication event predates the Petunia-Solanum split. The third pair of 
syntenic regions, found on Petunia Scf01221 and tomato chromosome 2, shows little evidence of 
shared common ancestry more recent than the triplication; at most one gene is shared by these 
regions that is not found in the other syntenic regions. These regions appear to either have been 
derived independently from the dominant region or subjected to enough fractionation to completely 
obscure their common ancestry. 
The syntenic regions show evidence of many independent gene loss and tandem duplication 
events presumably since divergence from a common ancestor. Each of the six regions contains 1-14 
genes with no homologues in the other regions. There are also 4 tandem duplications of shared 
genes (1 in Petunia, 3 in tomato) that are unique to a single syntenic region. In contrast, the tandem 
duplication of grape genes 17832342 and 17832343 must pre-date split between these species, as it 
is shared by one Petunia and two tomato syntenic regions. The length of the syntenic regions are also 
quite variable, ranging from 74,000 to 334,000 bp, highlighting different evolutionary trajectory 
among those regions following the shared event.  
Another important feature of this region is the variation concerning which Petunia or tomato 
region contains the closest match to the syntenic grape gene in a tblastn search. For 10 of the 20 
genes, the dominant syntenic region contains the best hit. However, for five Petunia genes and four 
tomato genes, the closest match is a gene not found in any syntenic region. The secondary regions 
have the best match for the remaining genes. The evolutionary forces that affect the 
subfunctionalization of duplicated genes have apparently affected individual genes in the Petunia 
and tomato genomes differently, and independently of the fractionation process.   
 
Table 1. Description of grape syntenic region G, compared to P. axillaris and tomato. 
 
    Matching genes     
petunia tomato 





chr 3 Scf 00362 Scf 00042 Scf 01221 ch 01 ch 10 ch 02 petunia tomato 
-- -- g00274.1 -- -- g055230 -- 
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1,469,527 g00091.1 g00273.1 -- 
g111280, 
g111300 g055250 g083800 
Scf 












1,485,994 g00852.1 -- -- g111320 -- g083790  
Scf 




1,494,510  g00841.1 -- -- g111330 -- g083760 
Scf 












1,506,275 g00832.1 g02616.1 -- g111350 g055390 -- 
Scf 










1,523,441 g00839.1 -- -- g111370 -- -- 
Scf 




1,528,708 g00838.1 -- g00027.1 g111380 -- -- 
Scf 




1,537,909 g00088.1 -- -- g111400 -- -- 
Scf 








1,551,865 g00082.1 -- -- g111430 -- -- 
Scf 












1,574,690 g00836.1 -- g00028.1 
g111450, 
g111460 -- -- 
Scf 




1,585,073 g00831.1 g02519.1 g00042.1 g111500 g055410 -- 
Scf 




1,594,273 g00830.1 -- -- g111510 -- 
g083620,




1,600,077 g00720.1 -- g00043.1 g111520 -- -- 
Scf 







g00716.1 g02521.1 -- g111530 g055450 -- 
Scf 










The tomato genome is more fractionated than the Petunia genome. 
We finally investigated gene fractionation in Petunia in comparison with tomato. Gene fractionation 
corresponds to the loss of duplicate genes after whole genome duplication (Langham et al., 2004; 
Thomas et al., 2006). We compared gene fractionation in Region H in detail (see Figure 6) by 
analyzing microsynteny between Petunia and tomato genomes with grape as reference (Figure 9 and 
Figure 10). While we selected H region for illustratrative purposes, patterns of other regions offer 
similar trends of fractionation. 
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As expected, due to the Solanum-hexaploidy event, we can see that both the Petunia and 
tomato genomes are triplicated in comparison with the grape genome (Figure 9). It appears that 
PaxiN 3 and Sl 3 are under-fractionated or dominant (i.e., retain more genes than other regions) 
while PaxiN 1, PaxiN 2, Sl 1 and Sl 2 are over-fractionated. Note that for the under-fractionated 
regions PaxiN 3 and Sl 3, gene fractionation is identical. To better identify regions that are 
differentially fractionated in the over-fractionated regions, synteny lines between genomic regions of 
Petunia and tomato vs. grape in PaxiN 3 and Sl 3 are not shown. Gene fractionation is significantly 
less complete in Petunia in comparison with tomato. In addition to shared fractionation events, we 
also observed independent gene fractionation in the two lineages with more fractionation events in 
tomato. Of the 13 regions differently fractionated between Petunia and tomato, 9 regions are 
independently retained in Petunia while only 3 regions are independently retained in tomato. In 
addition, Petunia retains more genes in over-fractionated regions than tomato (compare PaxiN 1 and 
PaxiN 2 with Sl 1 and Sl 2). These results are also validated by comparing the same genomic regions 
but with a different order (Figure 10). This representation highlights synteny between orthologs and 
allows us to observe independent fractionation in Petunia and tomato as well as shared fractionation 
events between these two lineages.  
 
Figure 9: Evidence that 
divergence of tomato and 
Petunia lineages happened 
prior to the completion of 
fractionation. Microsynteny 
analysis of one region of grape 
(Vv) to three syntenic 
orthologous regions of Petunia 
(PaxiN) and tomato (Sl). 
Description of how to read this 
figure is described in summary 
for figures 4-6. Red arrows 
indicate genes retained in 
Petunia and fractionated in 
tomato. Blue arrows indicate 
genes retained in tomato and 
fractionated in Petunia. 









Figure 10: Fractionation partially occurred independently in each lineage, with more fractionation events in the tomato 
lineage. Microsynteny analysis description is similar to figure 9, but with different order to the regions. Red arrows indicate 
genes retained in Petunia and fractionated in tomato. Blue arrows indicate genes retained in tomato and fractionated in 
Petunia. Note that there is only a single syntenic gene set shared between orthologous regions PaxiN 1 and Sl 1. Analysis 
may be regenerated: https://genomevolution.org/r/etge 
 
We finally included Mimulus guttatus in the analysis of microsynteny between Petunia and grape 
(Figure 11). Mimulus guttatus was shown to lack the Solanum paleohexaploidy event and to have an 
independent paleotetraploidy event (Ibarra-Laclette et al., 2013). Our analysis is consistent with this 
previous study as we could observe an independent fractionation in Mimulus in comparison with 













Figure 11: Independent gene fractionation in Mimulus in comparison with Petunia and tomato. 
(a) Microsynteny analysis of Petunia (PaxiN) and tomato (Sl), Mimulus guttatus (Mg) and grape (Vv). (b) Close up of 
microsynteny panel for grape with red arrows marking independent fractionation of the Mimulus lineage and 








Here we present the first analysis of paleopolyploidy for Petunia, which represents the sister-group 
to the larger and more diverse x=12 crown-group clade of the Solanaceae family (Särkinen et al., 
2013) (Figure 1). Our study confirms the until now ambiguous Solanaceae paleohexaploidy event 
initially inferred in the analysis of the tomato genome. Further, we demonstrate that the Petunia 
lineage has experienced (at least) two rounds of paleopolyploidization, the older gamma hexaploidy 
event (Figure 2), which is shared with other Eudicots (Jaillon et al., 2007), and the more recent 
Solanaceae paleohexaploidy event which is shared with tomato and other x=12 species (Figures 3-8) 
(Tomato Genome Consortium, 2012). We have shown that the process of gene fractionation that 
facilitates the return to a diploid state (also known as diploidization), occurred, in part, 
independently in Petunia and tomato despite the shared Solanaceae paleohexaploidy event, similar 
to what has been observed in Saccharomyces yeasts but until now not yet described in flowering 
plants.  
 
Validation of the Solanaceae paleohexaploidy event in the genome of tomato. 
Genome collinearity analysis between tomato and grape is ambiguous in establishing a complete 
independent genome triplication in the Solanaceae or, potentially evidence for segmental 
duplication (i.e. some regions duplicated and others triplicated) (Ibarra-Laclette et al., 2013; Figure 
8). Our study notably showed that the Petunia genome is less fractionated than the tomato genome 
(Figure 9). This would explain the difficulties in identifying a clear 3:1 orthologous syntenic 
relationship between tomato and grape by performing genome colinearity analysis (Ibarra-Laclette et 
al., 2013; Figure 8). In view of our results, we could hypothesize that an independent genome 
triplication occurred in the Solanaceae family but the high degree of gene fractionation in tomato 
makes it difficult to identify the three orthologous regions. A similarly high degree of gene 
fractionation could also be explain the interpretation of paleopolyploidy in the potato genome. Both 
tomato and potato genomes are relatively complete, suggesting that the lack of triplicated regions is 
not due to incomplete genome assembly. Indeed, genomic analysis showed that one genomic region 
of grape is (only) syntenic to two regions in the potato genome, leading to an inaccurate inference of 
only paleotetraploidy (The Potato Genome Consortium, 2011).  
  
Gene fractionation occurred independently in Petunia and tomato genomes following their 
divergence despite the shared paleopolyploidy history 
Our analysis is the first detailed description of an independent gene fractionation from a common 
polyploidy event in plants. While some fractionation of gene content probably occurred prior to the 
divergence of these lineages, as indicated by the shared gene fractionation events in Petunia and 
tomato genomes, our results demonstrate that gene fractionation also continued independently in 
these two lineages (Figure 9 and Figure 10) following their divergence, even though they shared a 
paleohexaploidy event (Figure 2 and Figure 3).  
First, we observed in Petunia and tomato the presence of two classes of genomic regions 
with distinct levels of gene fractionation, the over-fractionated (i.e., more genes are lost) and the 
under-fractionated (i.e. fewer genes are lost) regions (Figure 9, Figure 10 and Figure 11), supporting a 
biased fractionation process following polyploidy. In each microsynteny analyses, one genomic 
region is still under-fractionated (PaxiN 3 and Sl 3 in Figures 9 and 10, PaxiN 1 and Sl 1 in Figure 11) 
while the two other are over-fractionated. This indicates that 3 sub-genomes, with contrasting gene 
contents, coexist in Petunia and tomato genomes. The same situation is found in other 
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paleopolyploids such as in Brassica rapa (Wang et al., 2011; Tang et al., 2012), a diploid species with 
three subgenomes originating from a whole genome triplication (Wang et al., 2011). A two-step 
theory implicating a differential subgenome evolution was proposed to explain the genome 
triplication event in B. rapa and also more broadly to explain fractionation after a paleohexaploidy 
event (Lyons et al., 2008). The first step of this model involves the formation of a tetraploid with two 
subgenomes. The two new subgenomes then experience loss of duplicated genes resulting in two 
fractionated subgenomes. The second step consists of the formation of the new tetraploid between 
the previous fractionated diploid genome and a new diploid genome, which experienced another 
round of gene fractionation. The final diploid genome will thus contain three subgenomes, two 
subgenomes that experienced two rounds of fractionation (and are thus over-fractionated plus one 
subgenome with only one round of fractionation (under-fractionated).  
Second, Petunia genome is less fractionated than the tomato genome (Figure 9). Indeed, Petunia 
retains more genes in over-fractionated regions than tomato while difference in the dominant region 
is less profound. Analysis of gene fractionation between tomato and potato as well as between 
Petunia and potato would be helpful to decipher whether gene fractionation is similar in tomato and 
in potato and to confirm if fractionation in Petunia and potato is also independent. This observation 
is similar to what happens in yeast where early-branching clades, in our study Petunia, show a 
different pattern of fractionation than latter branching species, represented here by tomato and 
eventually by potato (Scannell et al., 2006). It would be interesting to compare gene fractionation 
between Petunia and other “later branching” Solanaceae species such as tobacco in order to confirm 
this similarity. Petunia is well situated to be a better genome comparator for Solanaceae genomes 
than the tomato genome, due to its low degree of gene fractionation. Nevertheless, some aspects of 
the Petunia genome structure and evolution still need to be elucidated in order to represent an ideal 





Whole genome collinearity analysis 
Whole genome dot plots were performed using SynMap in the comparative genomics platform, 
CoGe (Lyons et al., 2008). Each analysis generates a tiny-url that links back to SynMap configured to 
regenerated the analysis exactly as shown. URLs include embedded options for configuring SynMap 
and for these analyses, the syntenic path assembly and coloration of syntenic gene pairs by 
synonymous mutation rate (Ks; CodeML; http://abacus.gene.ucl.ac.uk/software/paml.html) were 
extensively used. For details on how to use SynMap, please see Tang and Lyons (2012). 
 
Microsynteny analysis 
Microsynteny analysis was performed using GEvo in the comparative genomics platform, CoGe 
(Lyons and Freeling, 2008). As with SynMap, each GEvo analysis generates a tiny-url to regenerate 
the analysis exactly as configured; these links are provided in the figure legends. 
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Peaxi162Scf00349g05008.1    1 MRTPSSSSTTSNKVTPCCSKVGLKRGPWTPEEDEILTNYINKEGEGRWRTLPKKAGLLRCGKSCRLRWMNYLRPSVKRGHIAPDEEDLILRLHRLLGNRW
AtPAP2                      1 ---------------MEGSSKGLRKGAWTAEEDSLLRLCIDKYGEGKWHQVPLRAGLNRCRKSCRLRWLNYLKPSIKRGRLSNDEVDLLLRLHKLLGNRW
PaMYBB                      1 -----------MNTSVFTSSGVLRKGAWAEEEDILLRKCIEKYGEGKWHQVPVRAGLNRCRKSCRLRWLNYLRPHIKRGDFCPEEVDLIQRLHKLLGNRW
PaAN4I                      1 -----------MKTSVFTSSGVLRKGSWTEEEDILLRKCIEKYGEGKWHQVLVRAGLNRCRKSCRLRWMNYLRQHIKRGDFSPDEVDLILRLHKLLGNRW
PaAN4II                     1 -----------MKTSVFTSSGVLRKGSWTEEEDILLRKCIEKYGEGKWHQVLVRAGLNRCRKSCRLRWMNYLRPHIKRGDFSPDEVDLILRLHKLLGNRW
PiMYBB                      1 -----------MNTSVFTSSGVLRKGAWAEEEDILLRKCIEKYGEGKWHQVPVRAGLNRCRKSCRLRWLNYLRPHIKRGDFSPEEVDLILRLHKLLGNRW
PiAN4                       1 -----------MKTSVFTSSGVLRKGSWTEEEDILLRKCIEKYGEGKWHQVPVRAGLNRCRKSCRLRWMNYLRPHIKRGDFSPDEVDLILRLHKLLGNRW
PiAN2                       1 -----------MSTSNA-STSGVRKGAWTEEEDLLLRECIEKYGEGKWHLVPVRAGLNRCRKSCRLRWLNYLRPHIKRGDFSLDEVDLILRLHKLLGNRW
PaAN2                       1 -----------MSTSNA-STSGVRKGAWTEEEDLLLRECIEKYGEGKWHLVPVRAGLNRCRKSCRLRWLNYLRPHIKRGDFSLDEVELILRLHKLLGNRW
AtTT2                      92 SLIAGRLPGRTDNEIKNHWNSNLRKRLPKTQTKQPKRIK-------H------S---------TNNE------N-----NVCVIRTKAIRCSKTLL--FS
PaTT2                      90 SLIAGRLPGRTDNEIKNYWNTNIGKKLQHQRAAANSGHA-------K------SRPPVTTQDIVGSG----SSLSSSASPCLVVRTKAMRCTKV------
ZmC1                       90 SLIAGRLPGRTDNEIKNYWNSTLGRRAGAGAGAGGSWVVVAPDTGSHATPAATSGACETGQNSAAHRADPDSAGTTTTSAAAVWAPKAVRCTGGLFFFHR
Peaxi162Scf00102g18056.1   90 SLIAGRLPGRTDNEIKNYWNTHLIKKLKSAGIEPKVNKS-------F------SKYCSKKQATTDK---------PR---KKQVKKKKNKKIKDQPL-VQ
Peaxi162Scf03779g00019.1   90 SLIAGRLPGRTDNEVKNYWNSHLRRKLIKMGIDPKNHRI--------------SHYLHRKRLEYWSE------NSSRGTDHEVVSDAGSSCAKHQPSSLP
Peaxi162Scf00349g05008.1  101 SLIAGRIPGRTDNEIKNYWNTHLSKKLISHGIDPRTHKP-------L------KNSNSSSDDITNKL----------------ASSSPPSSSKAND--LN
AtPAP2                     86 SLIAGRLPGRTANDVKNYWNTHLSKKHESSCCKSKMKKKNII-----------SPPTTPVQK--IGVFKPRPRSFSVNNG--CSHLNGLPEVDLIPSC--
PaMYBB                     90 SLIAGRLPGRTANDVKNYWNTHLLRRSNFASPPQQHER--KC-----------TKEIRTMAK--NAIIRPQPRNLSKLAKNNVSNH--------------
PaAN4I                     90 SLIAGRLPGRTANDVKNYWNTNLLTRSKFG-PPQQHDR--KC-----------PKAIKTMAK--NAIIRPQPWNLSKLAKNNV-----------------
PaAN4II                    90 SLIAGRLPGRTANDVKNYWNTNLLTRAKLG-PPQQHDR--KC-----------PKAIKTMAK--NAIIRPQPWNLSKLAKNNV-----------------
PiMYBB                     90 SLIAGRLPGRTANDVKNYWNTQLLRRSNFA-PPQQHQR--KC-----------TKAIKIMAK--NVIIRPQPRNLSKLAKNNVSNY--------------
PiAN4                      90 SLIAGRLPGRTANDVKNYWNTNLLRRSKFA-PPQQHDR--KC-----------PKAIKTMAK--NAIIRPQPRNLSKLAKNNV-----------------
PiAN2                      89 SLIAGRLPGRTANDVKNYWNTHLRKKLI--APHDQKQ---ES-----------KNKAMKITE--NNIIKPRPRTFSRPAMNHVSCWNGKSCSK-------
PaAN2                      89 SLIAGRLPGRTANDVKNYWNTHLRKKLI--APHDQKQ---ES-----------KSXAMKITE--NNIIKPRPRTFSRPAMNHVSCWNGKSCNK-------
AtTT2                     157 DLSLQKKSS--TSPLPLKEQEMDQGGS-S----LMGDLEFD---------------------------FDRIHSEFHFPDLMDFDG--------------
PaTT2                     167 -----------FIPTPKNTSH--DNSITTNCNNDDDDKVMAVE-----------------TTA--L--VASSSSSFTLSSILSEQQ--------------
ZmC1                      190 D-TTPAHAG--ETATPMAGGGGGGGGEAG----SSDDCSSA--------------------AS--VSLRVGSHDEPCF----SGD---------------
Peaxi162Scf00102g18056.1  164 DTSEPPQVV--FIPKPIRISSGHSRNY-S----VDQNVALSTSS---S------N-SADNNNN--ISNNEGKQAEVSFDPLFDEVV--------------
Peaxi162Scf03779g00019.1  170 DLNSPPSI-----------HSSCAQP--------------------------------------------------------------------------
Peaxi162Scf00349g05008.1  170 PILSPTYISSFQMEEPLGKINTHPGEITS----LDDQYQS---------------------NA--I--LAEYGDDLNIAVTIEEDV--------------
AtPAP2                    169 --------------LGLKKNNVCENSITC--NKDD-EKDDFVNNLMNGDNMWLENLLGENQEADAIVP-EAT----------------------------
PaMYBB                    161 --------------STIHKDEYSKQKMFI--EK---PTMAEVVS-RDNNVEWWTNLLLDNCNGFEKAAPESSSTFKNIESLLNEELLSASINGGTNYPMQ
PaAN4I                    157 --------------STIHKDEHSKQEIII--EK---PTTAEVVS-RDENVEWWTNLLLDNSNGFEKEATESTSAFQNIESLLNEELLSPSINGGTYYPMQ
PaAN4II                   157 --------------STIHKDEHSKQEIII--EK---PTTAEVVS-RDENVEWWTNLLLDNSNGFEKAATESTSAFQNIESLLNEELLSPSINGGTYYPMQ
PiMYBB                    160 --------------STIHKDEHSKQKMFI--EK---PTAAEVVS-RDNNVEWWTNLLLDNCNGFEKAAPESTSAVKNIESLLNEELLSTSINGGTNYPMQ
PiAN4                     157 --------------STIHKDEHSKQEIII--EK---PTTAEVVS-RDENVEWWTNLLLDNCNGFEKAATESTSAFKNIESLLNEELLSPSINGGTYYPIQ
PiAN2                     164 --------------NTIDKNEGDTEIIKF--SD---EKQKPEES-IDDGLQWWANLLANNIEIEELVSYNS-------PTLLHEE-TAPSVNAE--SSLT
PaAN2                     164 --------------NTIDKNEGDTEIIKF--TD---EKQKPEES-IDDGLQWWANLLANNIEIKDLANGNS-------PTLLHEE-IAPLVNIE--SNLM
AtTT2                     209 -------L-DCGNVT---SLVSSNEILG-------ELVPAQGNLDLNRPFTS-------------------------------------------CHHRG
PaTT2                     219 ------PISGSSPV----SL-SGDQFMENSFNF-------MFNFDMDDPFLSELLNAAENTTTIGGDQVGDSFNRNEKERSYFPPSSSQSALFSEETQHN
ZmC1                      242 ---------------------GDGDWMDDVRAL-------ASFLESDE----------------------------------------------------
Peaxi162Scf00102g18056.1  231 -------LDGCCELSPEWSLPTDDSMLEKVYEEYLQLISEECFLQLDDPLAE-------------------------------------------NASH-
Peaxi162Scf03779g00019.1      ----------------------------------------------------------------------------------------------------
Peaxi162Scf00349g05008.1  227 -------EMNCCTDDVFSSFLN-SLINEDMFAC--QNQQTNGTFQDFDPFMA-------------------------------------------SSSTP
AtPAP2                    223 -TAE-HGATLAFDVEQLWSLFDGETVELD-----------------------------------------------------------------------
PaMYBB                    241 ETGDMGWSDFCIDS-DPWELLLQ-----------------------------------------------------------------------------
PaAN4I                    237 ETGDMGWSDLSIDA-DL-----------------------------------------------------------------------------------
PaAN4II                   237 ETGDMGWSDLSIDA-DL-----------------------------------------------------------------------------------
PiMYBB                    240 ETGDMGWSDFSIDS-DLWELLLQ-----------------------------------------------------------------------------
PiAN4                     237 ETRDMGWSDLSIDA-DLWELL-------------------------------------------------------------------------------
PiAN2                     234 QEGGSGLSDFSVDIDDIWDLLS------------------------------------------------------------------------------
PaAN2                     234 QEGESGLSDFSVDIDGIWDLLS------------------------------------------------------------------------------
AtTT2                     248 DDEDWLRDFTC----
PaTT2                     301 DLELWINGFSS----
ZmC1                      262 ---DWLRCQTAGQLA
Peaxi162Scf00102g18056.1  280 --HPMLM--------
Peaxi162Scf03779g00019.1      ---------------
Peaxi162Scf00349g05008.1  274 SSDQYNPS-------
AtPAP2                        ---------------
PaMYBB                        ---------------
PaAN4I                        ---------------
PaAN4II                       ---------------
PiMYBB                        ---------------
PiAN4                         ---------------
PiAN2                         ---------------
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Running title: S-locus sequences in Petunia 
 
ABSTRACT 
Petunia species exhibit S-RNase-based gametophytic self-incompatibility (GSI), in which plants are capable of 
recognizing and rejecting their own (self) pollen, while accepting pollen from a different (non-self) individual. 
Gametophytic self-incompatibility is found in both progenitor species (Petunia inflata and Petunia axillaris as 
well as in the cultivated hybrid Petunia hybrida). Genes critical for self versus non-self recognition are the S-locus 
ribonuclease (S-RNase), which is the style-recognition component of GSI, and S-locus F-box (SLF) genes, which 
encode the pollen-recognition component of GSI.  Although any individual plant possesses at most two S-RNase 
alleles, multiple SLF genes appear to be involved in recognizing an overlapping range of non-self S-RNase 
proteins. Both S-RNase and SLF genes are thought to be tightly linked at the S-locus as pollen-recognition and 
style-recognition specificities do not recombine. Here, we have used BLASTn and BLASTp searches of the 
assembled sequences of Petunia inflata S6 and Petunia axillaris N to identify and characterize S-RNase and SLF 
genes in both species. Each genome contains a single S-RNase allele, as expected for these homozygous lines. 
The S-RNase allele in Petunia inflata appears to be a previously uncharacterized S-RNase allele, whereas the S-
RNase allele in Petunia axillaris is identical to the previously reported S1-RNase of Petunia hybrida. The latter 
observation confirms that self-incompatibility in Petunia hybrida can be inherited from both progenitor species. 
We have identified 29 putative S-Locus F-box genes in Petunia inflata, the majority of which are present as two 
closely related copies and 19 SLF genes in the genome of Petunia axillaris. The SLF genes in these two species 
represent at least 20 different SLF variants. In both species, multiple SLF genes are linked on the same scaffold, 
and in Petunia axillaris SLF10 is linked to the Sax1-RNase. These data provide a valuable resource for future 
studies to assemble and characterize an entire S-locus, as well as to determine the molecular basis of self versus 
non-self recognition in GSI. 
 
INTRODUCTION 
Gametophytic self-incompatibility (GSI), a genetic mechanism that acts to prevent self-fertilization in many 
angiosperms, is based on the ability of the pistil to selectively inhibit growth of “self” pollen while allowing the 
growth of “non-self” pollen. During pollination, pollen grains germinate on the stigmatic surface, producing 
pollen tubes that enter the pistil and begin growth through the transmitting tract of the style. In incompatible 
pollinations in Petunia, pollen tube growth is arrested in the upper third of the style via the action of the S-
RNase, an abundant, style-expressed ribonuclease that is imported into both incompatible and compatible 
pollen tubes. Current models for GSI propose that pollen-tube growth inhibition is due to the cytotoxic action of 
the S-RNase, which degrades pollen tube RNA, inhibiting protein synthesis. During a compatible pollination, the 
action of the S-RNase is inhibited by a SCFSLF E3 ubiquitin ligase complex. This complex is proposed to contain 
one or more F-box proteins (SLF), a Culllin protein, the Skp1-like protein SSK1 and either Rbx1 or SBP1 RING-
domain proteins (Zhao et al., 2010; Meng et al., 2011; Sims, 2012; Li et al., 2014).  
 
Estimated to occur in up to three-quarters of eudicot families (Igic & Kohn 2001), S-RNase-based Gametophytic 
self-incompatibility (GSI) was first described in Petunia hybrida, by Darwin: 
 
“....protected flowers with their own pollen placed on the stigma never yielded nearly a full complement of 
seed; whilst those left uncovered produced fine capsules, showing that pollen from other plants must have 
been brought to them, probably by moths. Plants growing vigorously and flowering in pots in the green-
house, never yielded a single capsule; and this may be attributed, at least in chief part, to the exclusion of 




Petunia, primarily Petunia hybrida, Petunia inflata and Petunia axillaris has been one of the primary systems 
used to study the genetics and mechanism of S-RNase-based self-incompatibility ever since that first description 
(Sims & Robbins 2009). Researchers such as Mather (1943), Linskens (1975), and de Nettancourt (1977), 
determined that gametophytic SI in Petunia was governed by a single, multiallelic S-locus, and that recognition 
and rejection of self-pollen was controlled gametophytically by alleles expressed in pollen. Mutations 
unilaterally inactivating self-incompatibility in pollen (pollen-part mutations) have been identified in Petunia 
inflata and were associated with centric chromosomal fragments (Brewbaker and Natarajan, 1960). Tetraploid 
plants with diploid heteroallelic pollen have been shown to be self-compatible, due to “competitive interaction’ 
in pollen. Shivanna and Rangaswamy (1969) demonstrated that pollination of immature styles could be used to 
overcome self-incompatibility, a phenomenon now understood to result from low-level expression of the S-
RNase early in the development of the style. Ascher (1984) demonstrated quantitative variation in the strength 
of the self-incompatibility reaction, which he termed pseudo-self-compatibility. More recently, key genes 
involved in regulating recognition and rejection of pollen in GSI were either first discovered or functionally 
tested in Petunia (Clark et al., 1990; Ioerger et al., 1991; Sims & Ordanic 2001; Lee et al., 1994; Qiao et al., 2004; 
Sijacic et al., 2004; Kubo et al., 2010; Zhao et al., 2010; Li et al., 2014; Willams et al., 2014a, 2014b; Kubo et al., 
2015). 
 
To date, progress on investigating certain aspects of GSI function and mechanisms has been limited due to the 
lack of assembled and annotated genome and transcriptome sequences for Petunia. Kubo et al., (2010) and 
Williams et al., (2014a) demonstrated that multiple S-locus F-box (SLF) proteins acted to recognize and inhibit 
overlapping sets of non-self S-RNase. Although different approaches had previously identified up to 10 SLF 
variants, several questions regarding the role of SLF proteins cannot be answered without a high-quality 
assembled genome. Among these questions are: How may SLF genes are found in the Petunia genome? Are all 
SLF variants present and expressed in different S-haplotypes and/or Petunia species? Are all SLF variants linked 
to the S-locus and to each other? What is the sequence variability of different SLF alleles and SLF variants, and 
can that sequence variability be used to identify protein regions involved in binding to the S-RNase? Other 
questions about the organization and expression of GSI require a high-quality assembled genome. In previous 
work, Wang et al (2003, 2004) attempted to use chromosome walking approaches to characterize the S-locus of 
S2-Petunia inflata. Although these authors estimated the size of the S-locus in Petunia inflata as at least 4.4 Mb, 
and were able to identify and partially sequence an 881 kb contig containing the S2-SLF1 and S2-RNase genes 
linked within 160 kb, they were unable to fully assemble the complete S-locus due to the presence of highly 
repetitive DNA sequences. The S-locus in the Solanaceae has been shown to be subcentromeric (Tanksley & 
Loaiza-Figueroa 1985; ten Hoopen et al., 1998; Entani et al., 2000) and is in a region of suppressed 
recombination, which in Petunia, is located on chromosome III. Thus, having a fully sequenced and assembled 
genome should aid in approaches to fully assemble and characterize a complete S-locus for Petunia. 
 
We used BLASTn and BLASTp queries of the assembled genomic DNA sequences for Petunia inflata S6 and 
Petunia axillaris N followed by manual annotation and comparison to known sequences to identify S-RNase and 
SLF genes in both genomes. These approaches confirmed the existence of known SLF variants in Petunia and 
identified a number of new SLF variants. We identified 29 putative S-Locus F-box genes in Petunia inflata and 19 
SLF genes in the genome of Petunia axillaris, representing at least 20 different SLF variants. In both species, 
multiple SLF genes are linked on the same scaffold, and in Petunia axillaris SLF10 is linked to the Sax1-RNase. The 
S-RNase in S6 Petunia inflata appears to be a previously uncharacterized S-RNase. In a surprising and fortuitous 
observation, we found that the S-RNase gene in Petunia axillaris N is identical to that in S1-Petunia hybrida (Clark 
et al., 1990). This finding strongly suggests that the S-haplotypes are identical in these two lines, and indicates 
that self-incompatibility in Petunia hybrida can be inherited from both parents (Ando et al., 1998). Together with 
the characterization of other genes involved in GSI interactions, the sequence data obtained from the Petunia 
Genome Project will provide invaluable resources for further investigations into the organization, expression and 
function of genes governing self versus non-self recognition in gametophytic self-incompatibility. 
 
RESULTS 
Identification of the S-RNase allele in Petunia axillaris 
BLASTn and BLASTp searches of the Petunia axillaris assembled genome gave a single hit that showed 100% DNA 
sequence identity to the S1-RNase mRNA of Petunia hybrida (Clark et al., 1990). Comparison of this genomic DNA 
region with the sequenced S1-RNase gene of Petunia hybrida (U07362) showed nearly 100% DNA sequence 
identity (3119 of 3221 bases) across the entire coding region, and 99% identity when 5' and 3' flanking regions 
are included (Figure 1). The position of the intron and splice sites were identical between the S1-RNase gene of 
Petunia hybrida and its homolog in Petunia axillaris. In spite of these minor differences, the predicted amino 
acid sequence for S1-Petunia hybrida and the S-RNase of Petunia axillaris are identical (Figure 2). We have 
therefore tentatively named the S-RNase gene in Petunia axillaris N as Sax1-RNase to illustrate this identity. 
Because the S-RNase genes in S1 Petunia hybrida and Sax1 Petunia axillaris are identical, this finding 
demonstrates that self-incompatibility in Petunia hybrida can be inherited from both of the progenitor species 
(e.g., Ando et 1998). This finding also suggests that the S-locus of S1 Petunia hybrida and that of Sax1 Petunia 
axillaris encode the same haplotype. Indeed, PCR primers based on SLF gene sequences from Petunia axillaris 
(see below) have been successfully used to clone multiple SLF variant genes from a pollen cDNA library of S1S1 
Petunia hybrida (Sims and Ordanic 2001; Qi & Sims, in preparation). Figures 1 and 2 show DNA and protein 




Sax1    1   AAGCTTTGCACTTTCTGTTGACTGTATGCCATTGTTACCACCTTAAAGGAGCTATCCATT  60 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1    1   AAGCTTTGCACTTTCTGTTGACTGTATGCCATTGTTACCACCTTAAAGGAGCTATCCATT  60 
 
Sax1   61   TTTTCCATGAACATGCTGAGAAAAGGACCAAATGAAGGAAACTGGACAAGATCAGAGTCA  120 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1   61   TTTTCCATGAACATGCTGAGAAAAGGACCAAATGAAGGAAACTGGACAAGATCAGAGTCA  120 
 
Sax1  121   AAGGTGTATTACAAAAGATTATCCTTCTCTCCTGCTATGGACTTCCATCTCAGGAAAAAG  180 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  121   AAGGTGTATTACAAAAGATTATCCTTCTCTCCTGCTATGGACTTCCATCTCAGGAAAAAG  180 
 
Sax1  181   ATAGAGCTTTGTTCATGTACTCACATCCCAACTCTAGAAAATGTTCCAACTTAGTTGTAA  240 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  181   ATAGAGCTTTGTTCATGTACTCACATCCCAACTCTAGAAAATGTTCCAACTTAGTTGTAA  240 
 
Sax1  241   ACCTGATATAGTTTACAAATTATCGTATTGAATATTCCCTCAGTGATACTTCATTATCTT  300 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  241   ACCTGATATAGTTTACAAATTATCGTATTGAATATTCCCTCAGTGATACTTCATTATCTT  300 
 
Sax1  301   CTCTATGTAGTTGACCGACCATTTAATTGTAAAAGTATTATGTTTCAATGAAAGGTGAAG  360 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  301   CTCTATGTAGTTGACCGACCATTTAATTGTAAAAGTATTATGTTTCAATGAAAGGTGAAG  360 
 
Sax1  361   AGTTAAATTCTTGTACAGGATGTCGAGGGAGGAAAATGATTCATCTCCCATAGCAACTCA  420 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  361   AGTTAAATTCTTGTACAGGATGTCGAGGGAGGAAAATGATTCATCTCCCATAGCAACTCA  420 
 
Sax1  421   TGAAGCCTTGAAATTTATCGAGTAAATATAtttttcttttttACTTTGTGCTGATCAATT  480 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  421   TGAAGCCTTGAAATTTATCGAGTAAATATATTTTTCTTTTTTACTTTGTGCTGATCAATT  480 
                                    
Sax1  481   AACATTTTCTTAATCTTGTATAATCTACTACCACTCATATTATGTGTAAATGTTTCTATT  540 
            ||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||| 
PhS1  481   AACATTTTCTTAATCTTGTATAA-CTACTACCACTCATATTATGTGTAAATGTTTCTATT  539 
                                   * 
Sax1  541   CTAAATCTTAAAATTCTCGTGTTGCACGGGCATCAAAAATATTAATTTATTTTTCTAAAT  600 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  540   CTAAATCTTAAAATTCTCGTGTTGCACGGGCATCAAAAATATTAATTTATTTTTCTAAAT  599 
                                          
Sax1  601   TTACATAATTTAATCATGCTACAACCATTCGTAACTTTCTATAATGATTTACAatatata  660 
            ||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||| 
PhS1  600   TTACATAATTTAATCATGCTACAACCATTTGTAACTTTCTATAATGATTTACAATATATA  659 
                                         * 
Sax1  661   tatatatatatatatatatata------------------------tatatatatatata  696 
            ||||||||||||||||||||||                        |||||||||||||| 
PhS1  660   TATATATATATATATATATATATATATATATATATATATATATATTTATATATATATATA  719 
 
Sax1  697   tatttatatatatataaaacatactatctattcaatatatatatgtgatatttttaaatt  756 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 




Sax1  757   gaatatatatatttatataatatttttaacatattgtatatatagtatttattcaattaa  816 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  780   GAATATATATATTTATATAATATTTTTAACATATTGTATATATAGTATTTATTCAATTAA  839 
 
Sax1  817   tatttttaacatactatatattcaatatttatttaatattttaacacaatatatcacttt  876 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  840   TATTTTTAACATACTATATATTCAATATTTATTTAATATTTTAACACAATATATCACTTT  899 
 
Sax1  877   ttgtatatgttgtgtattCAACATTTATTTACATATGTTTTCTTCCCACACAGCTAAATT  936 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  900   TTGTATATGTTGTGTATTCAACATTTATTTACATATGTTTTCTTCCCACACAGCTAAATT  959 
 
Sax1  937   GTAAGGTATTTGAAATAAAATCAGGGCCATCTGTTGTCGGCAACTGAGCCATCCACCTGT  996 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  960   GTAAGGTATTTGAAATAAAATCAGGGCCATCTGTTGTCGGCAACTGAGCCATCCACCTGT  1019 
                                                      
Sax1  997   CTACAACAACAACAACATACCTAGTGTAATTCCATAAGTGGGTTTAGGAAACTGAGATGT  1056 
            ||||||||||||||||||||||||||||||||||||||||| |||||||||||||||||| 
PhS1  1020  CTACAACAACAACAACATACCTAGTGTAATTCCATAAGTGGATTTAGGAAACTGAGATGT  1079 
                                                     * 
Sax1  1057  ACGCAGAACTTACCCCACCAGAATGAAGAGATTGTTTCCGAAAGACCCTCGGCTaaaaaa  1116 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1080  ACGCAGAACTTACCCCACCAGAATGAAGAGATTGTTTCCGAAAGACCCTCGGCTAAAAAA  1139 
 
Sax1  1117  aCATATTTGAAAttttttttAAGACAAACCAAATATTTTGaaaaaagataaaaacgaata  1176 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1140  ACATATTTGAAATTTTTTTTAAGACAAACCAAATATTTTGAAAAAAGATAAAAACGAATA  1199 
 
Sax1  1177  agttaaaaaaTACCATTAATGCTCAAGTTCTCATATAAAAACTACATAACCAGGGAAAAC  1236 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1200  AGTTAAAAAATACCATTAATGCTCAAGTTCTCATATAAAAACTACATAACCAGGGAAAAC  1259 
 
Sax1  1237  ACAAGACGTCAATAGCGATAAGGACAAGATAAAACTACTATGCATAAGAATACTACCGCT  1296 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1260  ACAAGACGTCAATAGCGATAAGGACAAGATAAAACTACTATGCATAAGAATACTACCGCT  1319 
 
Sax1  1297  AAAATGTCAACAATCAATCGTCTTCTACCTAACCTTCTACCATAATCCCAGACCTCCACG  1356 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1320  AAAATGTCAACAATCAATCGTCTTCTACCTAACCTTCTACCATAATCCCAGACCTCCACG  1379 
 
Sax1  1357  CTTTCCTGTCAATGGTCATGTCCTCGGTGATCTAGATGTGAGTCATATCATGTCGAATCA  1416 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1380  CTTTCCTGTCAATGGTCATGTCCTCGGTGATCTAGATGTGAGTCATATCATGTCGAATCA  1439 
 
Sax1  1417  CCTCGCCCCAATTCTTCTTTGGTCTACCTCTACCTCTCTGCAGACCTAGCACAACCAGCC  1476 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1440  CCTCGCCCCAATTCTTCTTTGGTCTACCTCTACCTCTCTGCAGACCTAGCACAACCAGCC  1499 
 
Sax1  1477  TCTCACACCTCCTCACTGGCGCATCGGTGCCCCTTCTCTTTGCATGGCCGAACCATCGCA  1536 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1500  TCTCACACCTCCTCACTGGCGCATCGGTGCCCCTTCTCTTTGCATGGCCGAACCATCGCA  1559 
 
Sax1  1537  ATCTCACTTCTCGCATCTTGTCCACTACTGAGGCCACTCTCACCTTATCACGAATGGCCT  1596 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1560  ATCTCACTTCTCGCATCTTGTCCACTACTGAGGCCACTCTCACCTTATCACGAATGGCCT  1619 
 
Sax1  1597  CATTCCTAATCTTATCCAACTCGTGTGCCCACACAGCCATCTAAGCTGTTAACATACATA  1656 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1620  CATTCCTAATCTTATCCAACTCGTGTGCCCACACAGCCATCTAAGCTGTTAACATACATA  1679 
 
Sax1  1657  TTATTTTAACATATCCAACCTCATGTGTCCACACATCCACGTGTCTCATATATATTATTT  1716 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 




Sax1  1717  TTAAAAGGCTGTTAACACTATTTAAGTGCCCTAATCCACTTCTTCTAGTACAGATTCTAG  1776 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1740  TTAAAAGGCTGTTAACACTATTTAAGTGCCCTAATCCACTTCTTCTAGTACAGATTCTAG  1799 
 
Sax1  1777  CTTGaaaaaaaaaTTAGTTAGGTTAGTGAAGTGATAAGTCCTATATTAACCCATTCCACT  1836 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1800  CTTGAAAAAAAAATTAGTTAGGTTAGTGAAGTGATAAGTCCTATATTAACCCATTCCACT  1859 
 
Sax1  1837  GAAAATACGATTATTATATATTGCCATATAGCAAAAGGAAGGAACTAAACATGAGTTGTT  1896 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1860  GAAAATACGATTATTATATATTGCCATATAGCAAAAGGAAGGAACTAAACATGAGTTGTT  1919 
 
Sax1  1897  CAAACTTTAGAATGTTCAAGTTACAGCTGGCGTCAGTTTTATGTGTTTTTCTTTTTGCTT  1956 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1920  CAAACTTTAGAATGTTCAAGTTACAGCTGGCGTCAGTTTTATGTGTTTTTCTTTTTGCTT  1979 
 
Sax1  1957  GCTCTCCAATTTCTGGGTCTTTCGACCACTGGCAACTCGTTTTAACATGGCCTGCAGGTT  2016 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  1980  GCTCTCCAATTTCTGGGTCTTTCGACCACTGGCAACTCGTTTTAACATGGCCTGCAGGTT  2039 
 
Sax1  2017  ATTGCAAAGTTAAAGGTTGTCCGAGACCAGTAATTCCGAACGACTTTACTATTCATGGTC  2076 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2040  ATTGCAAAGTTAAAGGTTGTCCGAGACCAGTAATTCCGAACGACTTTACTATTCATGGTC  2099 
 
Sax1  2077  TTTGGCCAGATAGCATTTCCGTCATAATGAATAACTGCGATCCGACTAAAACGTTTGTGA  2136 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2100  TTTGGCCAGATAGCATTTCCGTCATAATGAATAACTGCGATCCGACTAAAACGTTTGTGA  2159 
 
Sax1  2137  CGATCACTGTAAGTTTATAACATTATCTTCTTAAGCGATTGTAAttttttttttctcatt  2196 
            |||||||||||||||||||||||||||||||||||||||||||| ||||||||||||||| 
PhS1  2160  CGATCACTGTAAGTTTATAACATTATCTTCTTAAGCGATTGTAAATTTTTTTTTCTCATT  2219 
                                                        * 
Sax1  2197  tattgttttgctttttcctttctttttattttgtttcttgAATAACCTGCAGCCTAATGT  2256 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2220  TATTGTTTTGCTTTTTCCTTTCTTTTTATTTTGTTTCTTGAATAACCTGCAGCCTAATGT  2279 
 
Sax1  2257  TTATAGGAAATAAATCAAATAACCGAACTGGAGAAGCGCTGGCCTGAATTGACTACTACC  2316 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2280  TTATAGGAAATAAATCAAATAACCGAACTGGAGAAGCGCTGGCCTGAATTGACTACTACC  2339 
 
Sax1  2317  GCACAATTTGCTTTAACGAGTCAATCTTTCTGGAGATATCAATACGAAAAGCATGGAACA  2376 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2340  GCACAATTTGCTTTAACGAGTCAATCTTTCTGGAGATATCAATACGAAAAGCATGGAACA  2399 
 
Sax1  2377  TGTTGTTTTCCTGTCTACAGTCAATCAGCATATTTTGATTTTGCTATAAAATTAAAAGAC  2436 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2400  TGTTGTTTTCCTGTCTACAGTCAATCAGCATATTTTGATTTTGCTATAAAATTAAAAGAC  2459 
 
Sax1  2437  AAGACTGATCTGTTGAGTATTCTCAGAAGTCAAGGTGTTACTCCGGGATCAACTTATACT  2496 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2460  AAGACTGATCTGTTGAGTATTCTCAGAAGTCAAGGTGTTACTCCGGGATCAACTTATACT  2519 
 
Sax1  2497  GGAGAAAGAATCAACAGTTCCATCGCGTCAGTAACCCGAGTGAAACCTAACCTCAAGTGC  2556 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2520  GGAGAAAGAATCAACAGTTCCATCGCGTCAGTAACCCGAGTGAAACCTAACCTCAAGTGC  2579 
 
Sax1  2557  CTTTATTATCGAGGCAAATTGGAATTAACTGAGATAGGAATATGTTTTGACCGAACGACA  2616 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2580  CTTTATTATCGAGGCAAATTGGAATTAACTGAGATAGGAATATGTTTTGACCGAACGACA  2639 
 
Sax1  2617  GTTGCTATGATGTCGTGTCCTCGGATTAGTACGTCATGCAAATTCGGGACAAATGCGAGG  2676 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2640  GTTGCTATGATGTCGTGTCCTCGGATTAGTACGTCATGCAAATTCGGGACAAATGCGAGG  2699 
 
Sax1  2677  ATTACGTTTCGACAGTGAGAAACGTTCGATTTCATGTTCTTTCTTTCTAATTTTATGCAG  2736 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2700  ATTACGTTTCGACAGTGAGAAACGTTCGATTTCATGTTCTTTCTTTCTAATTTTATGCAG  2759 
 
Sax1  2737  AGTATAATAAAGGAGGTTTTACACTGTATACCCAAATTTTATAAAATATTACTATATATT  2796 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2760  AGTATAATAAAGGAGGTTTTACACTGTATACCCAAATTTTATAAAATATTACTATATATT  2819 
 
Sax1  2797  TTTACTCATTTTAAACTTCATTTCACTTCATGCCCATTTTGACATAAATATTTATACTCC  2856 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2820  TTTACTCATTTTAAACTTCATTTCACTTCATGCCCATTTTGACATAAATATTTATACTCC  2879 
 
Sax1  2857  ATGTCCATTTTGACATAAATATTTACACAACTATCCATGGTACAAAAAGTTCACCTTTTA  2916 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2880  ATGTCCATTTTGACATAAATATTTACACAACTATCCATGGTACAAAAAGTTCACCTTTTA  2939 
 
Sax1  2917  GCCACGATGAACCGTAGATAGTGCCACCGTGGCTACCGGTCGCCATTAGCCACGATTAAT  2976 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  2940  GCCACGATGAACCGTAGATAGTGCCACCGTGGCTACCGGTCGCCATTAGCCACGATTAAT  2999 
 
Sax1  2977  CATGGCTAATGGCCGCGTTTAGCCGTGGTCTTACAATAGGTTCTGGAACCGAGGCTAACA  3036 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  3000  CATGGCTAATGGCCGCGTTTAGCCGTGGTCTTACAATAGGTTCTGGAACCGAGGCTAACA  3059 
 
Sax1  3037  ACCTATAGATTTCATGACCCAATTAACATTTACCGTGTAAGACCCATGTCTAatttaatt  3096 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  3060  ACCTATAGATTTCATGACCCAATTAACATTTACCGTGTAAGACCCATGTCTAATTTAATT  3119 
 
Sax1  3097  tttatattttactatttttatattaATCACGGTTCAACCGTGGCTTAGTAACCCCTTCTT  3156 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
PhS1  3120  TTTATATTTTACTATTTTTATATTAATCACGGTTCAACCGTGGCTTAGTAACCCCTTCTT  3179 
 
Sax1  3157  aaaaaaaaTTTAATATTTAAATGAAAGACAGTTGCTGAATTC  3198 
            |||||||||||||||||||||||||||||||||||||||||| 
PhS1  3180  AAAAAAAATTTAATATTTAAATGAAAGACAGTTGCTGAATTC  3221 
 
 
Figure 1. Alignment of the genomic DNA sequences of the S1-RNase gene of Petunia hybrida (PhS1) and the homologous region for 
Sax1-Petunia axillaris (Sax1). Start and stop codons for the S1-RNase are shown in boldface and the exon regions of the S1-RNase are 
underlined. Individual base differences are shown with an asterisk. 
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Sax1   1  MFKLQLASVLCVFLFACSPISGSFDHWQLVLTWPAGYCKVKGCPRPVIPNDFTIHGLWPD  60 
          MFKLQLASVLCVFLFACSPISGSFDHWQLVLTWPAGYCKVKGCPRPVIPNDFTIHGLWPD 
PhS1   1  MFKLQLASVLCVFLFACSPISGSFDHWQLVLTWPAGYCKVKGCPRPVIPNDFTIHGLWPD  60 
 
Sax1  61  SISVIMNNCDPTKTFVTITEINQITELEKRWPELTTTAQFALTSQSFWRYQYEKHGTCCF  120 
          SISVIMNNCDPTKTFVTITEINQITELEKRWPELTTTAQFALTSQSFWRYQYEKHGTCCF 
PhS1  61  SISVIMNNCDPTKTFVTITEINQITELEKRWPELTTTAQFALTSQSFWRYQYEKHGTCCF  120 
 
Sax1 121  PVYSQSAYFDFAIKLKDKTDLLSILRSQGVTPGSTYTGERINSSIASVTRVKPNLKCLYY  180 
          PVYSQSAYFDFAIKLKDKTDLLSILRSQGVTPGSTYTGERINSSIASVTRVKPNLKCLYY 
PhS1 121  PVYSQSAYFDFAIKLKDKTDLLSILRSQGVTPGSTYTGERINSSIASVTRVKPNLKCLYY  180 
 
Sax1 181  RGKLELTEIGICFDRTTVAMMSCPRISTSCKFGTNARITFRQ  222 
          RGKLELTEIGICFDRTTVAMMSCPRISTSCKFGTNARITFRQ 
PhS1 181  RGKLELTEIGICFDRTTVAMMSCPRISTSCKFGTNARITFRQ  222 
 
Figure 2. Alignment of the predicted amino acid sequence from Sax1-Petunia axillaris and the known amino acid sequence for S1-
Petunia hybrida 
 
Identification of the S-RNase allele in Petunia inflata 
BLASTp and BLASTn queries of the assembled Petunia inflata genome gave a single strong hit, as expected for a 
homozygous line. Identification of open reading frames and comparison with known S-RNase alleles 
demonstrated that the identified sequence region encoded a S-RNase that was most closely related (91% amino 
acid sequence identity) to the S3-RNase of Petunia hybrida (Clark et al., 1990; Genbank AAA60466). Alignment of 
the protein sequences of the S6-Petunia inflata S-RNase with that of S3-RNase of Petunia hybrida (Figure 3) 
showed that the majority of amino acid sequence differences were in the HVa and HVb regions demonstrated to 
be sufficient to distinguish S-RNase alleles in some cases (Matton et al., 1997, 1999). Thus, the S-RNase in this 
line of Petunia inflata likely represents a previously uncharacterized S-locus haplotype. 
 
                                                                                                 C1                                                         C2 
PinfS6  1    MVRLQLLSALFILLFSLSPVSANFDYFQLVLTWPASFCYPKNKCQRRSNNFTIHGLWPEK  60 
             M RLQL+SA FILLFSLSPVSANFDYFQLVLTWPASFCYPKNKCQRRSNNFTIHGLWPEK 
PhybS3  1    MFRLQLISAFFILLFSLSPVSANFDYFQLVLTWPASFCYPKNKCQRRSNNFTIHGLWPEK  60 
 
                          HVa                     HVb              C3 
PinfS6  61   KRFRLEFCTGDEYARFLKEDSIINDLERHWIQMRFDEKYAKDKQPLWEHEYTKHGICCSN  120 
             KRFRLEFCTGD+Y RFL+ED+IIN LERHWIQMRFDE YA  KQPLWEHEY +HGICC N 
PhybS3  61   KRFRLEFCTGDKYKRFLEEDNIINVLERHWIQMRFDETYANTKQPLWEHEYNRHGICCKN  120 
 
                           C4 
PinfS6  121  LYKQREYFLLAMRLKDKLDLLTILRNHGITPGTKHTFGEIQKAIKTVTNNNDPDLKCVEN  180 
             LY Q+ YFLLAMRLKDKLDLLT LR HGITPGTKHTFGEIQKAIKTVT+NNDPDLKCVEN 
PhybS3  121  LYDQKAYFLLAMRLKDKLDLLTTLRTHGITPGTKHTFGEIQKAIKTVTSNNDPDLKCVEN  180 
 
                     C5 
PinfS6  181  IKGVMELNEIGICYTPAADRFDRCRHSNTCDETSSTKILFRG  222 
             IKGVMELNEIGICYTPAADRFDRCRHSNTCDETSSTKILFRG 
PhybS3  181  IKGVMELNEIGICYTPAADRFDRCRHSNTCDETSSTKILFRG  222 
 
Figure 3. Alignment of the predicted amino acid sequence for the S-RNase of S6 Petunia inflata and the S3-RNase of Petunia hybrida. 
Conserved domains C1 through C5 are underlined and labeled. The two hypervariable domains are labeled and shaded in yellow. 
 Identification and Characterization of SLF genes in Petunia axillaris 
Multiple sequence alignment of previously identified SLF sequences was used to produce consensus sequences 
for SLF1 through SLF8 variants (Figure 4). Those consensus sequences along with previously identified SLF and 
SLFL DNA sequences were used as BLASTn queries to identify putative SLF homologs on numerous scaffolds. 
Queries with SLF2, SLF3, SLF5, SLF6, SLF8 and S2-SLFx showed strong homology to only a single gene region on 
different scaffolds. Manual annotation and BLASTp queries of the NCBI protein database confirmed that each of 
these regions corresponded to previously identified SLF variants from Petunia. Conversely, SLF1, SLF4, SLF7, and 
SLF-S3B queries identified from two to five separate gene sequences on different scaffolds. Manual annotation 
and characterization of these hits demonstrated that all appeared to be true SLF genes. Criteria included the 
presence of a single open reading frame with no introns (SLF genes lack introns), the presence of a well-defined 
N-terminal F-box domain, the absence of any other protein interaction domains and significant amino acid 
sequence identity to previously identified SLF proteins.  
 
 
   SLF1 AAGAATAAAGGATGGCGAATGGTATTTTAAAGAAATTGCC 
 
   SLF2 CTTTCAGATGTTTATTGGGATCCTCCTA 
 
   SLF3 GATTAATATATTATTTAGGATTCCCGTGAAATCTCT 
 
   SLF4 ACACCATTCTCCAAAGTGCAATGAAATTATATTGTAAAGAATACAA 
 
   SLF5 GCCGTTACAGTGCCAATATTATGAAGATGCCA 
 
   SLF6 GAGATGAATATATTCTGTTAAAGCGTTGCTTATACAAGAAAACAACCAAT 
 
   SLF7 AGCACAGAGACTTTTCGCAATATGAAAATGCCGGATGCGTGTCATTTCAAA 
 
   SLF8 TGAATACGCGAGGAATAAGCTTTTGCGTCAAACTCAAAGGATC   
 
Figure 4: Consensus sequences from aligned SLF gene variants used as BLASTn probes. Multiple sequence alignment of previously-
identified SLF variants SLF1 through SLF8 were used to produce a consensus sequence region unique to each SLF. These consensus 




Table 1. Summary of SLF and S-RNase BLAST queries in Petunia axillaris. Scaffold identities and coordinates 
and best BLASTp hits are shown for identified SLF and S-RNase genes for “N/S26" Petunia axillaris. Linked 




Size Coordinates BLASTp Hit BLASTp 
%ID 
Class 
SLF1-1 00326 940666 508809-509978 AGL76530, S5-SLF1 99 SLF1 
SFL1-2 00715 718562 578400-579572 ADD21612, S1-SLF1 99 SLF1 
SLF2 00070 1471679 699640-700806 BAJ24857, S19-SLF2 95 SLF2 
SLF3 00326 940666 596118-597275 BAJ24858, S5-SLF3 98 SLF3 
SLF4-1 00671 726586 152315-153526 BAJ24865, S7-SLF4 94 SLF4 
SLF4-2*(SLF12) 00326 940666 531044-532225 BAJ24865, S7-SLF4 78 SLF12 
SLF5 03085 28205 6171-7340 BAJ24871, S7-SLF5 95 SLF5 
SLF6 00172 1583766 619079-620257 BAJ24881, S19-SLF6 96 SLF6 
SLF7-1(SLF14) 00172 1583766 708846-710139 ABR18788, S2-DD8 77 SLF14 
SLF7-2(SLF16) 01162 482111 154759-155919 ABR18785, S2-DD5 76 SLF16 
SLF8 00326 940666 464377-465552 ABX82525, S2-SLF8 90 SLF8 
SLF-S3B-1 
(SLF10) 
00336 1804933 636123-637262 ABR15914,A-134 98 SLF10 
SLF-S3B-2 
(SLF18) 
00671 726586 549469-550611 ABR15914, A-134 74 SLF18 
SLF-S3B-
3**(SLF19_1) 
75437 1274 113-1273 ABR18782, S1-DD2 70 SLF19_1 
SLF-S3B-4** 
(SLF19_2) 
01590 192725 30722-31882 ABR18782, S1-DD2 70 SLF19_2 
SLF-S3B-5 
(SLF20) 
01394 65038 63647-64564 ABR18782, S1-DD2 69 SLF20 
S2-SLFx (SLF13) 00326 940666 686239-687402 AHF49538, S2-SLFx 99 SLF13 
SLF11 00426 634794 185428-186405 BAQ18962 95 SLF11 
SLF15 01310 413452 331303-332496 AIK66473 94 SLF15 
SLF17 01162 482111 154759-155919 AIK66479 99 SLF15 
S-RNase 00336 1804933 449226-450052 AAA60465, S1-RNase 100 N/A 
*SLF4-2 sequence is in FBA_1 superfamily but lacks a clear N-terminal F-box domain. 
**Identical sequences 
 
 Several of the identified genes appeared to be new SLF variants, including SLF4_2, SLF7-1, SLF7-2, SLF-S3B-1, 
SLF-S3B-2, SLF-S3B-3/4, SLF-S3B-5 and S2-SLFx. These have tentatively been assigned new SLF variant numbers 
by comparison with assignments suggested by Williams et al (2014b) and are listed in Table 1. Together these 
data indicate that there appear to be a minimum of 17 SLF variants present in Petunia axillaris. Several of the 
SLF genes are linked on the same scaffold assembly, as shown in Table 1 and Figure 5. Scaffold 00326 encodes 
five SLF  gene sequences including SLF1_1, SLF3, SLF8, SLF13 and SLF12. SLF4 and SLF18 are also linked on a 
separate scaffold, as are SLF6 and SLF14. Finally, the Sax1-RNase of Petunia axillaris is linked to SLF10 at a 
distance of approximately 187 kb. Two hits on different scaffolds (00326 and 00715) showed extremely strong 
(99%) BLASTp identity to previously identified SLF1 variants from Petunia hybrida, S5-SLF1 and S1-SLF1. These 
two SLF proteins differ by 11 out of 389 amino acids. Interestingly, Petunia axillaris N is completely self-
compatible whereas S1-Petunia hybrida is completely self-incompatible. As one common cause of the 
breakdown of self-incompatibility is a partial duplication of the S-locus that results in heteroallelic pollen 
expressing different SLF alleles (Golz et al, 2000; Sijacic et al., 2004) it is possible that these sequences reflect a 
partial duplication of the S-locus in this line. In fact, a naturally occurring example of SLF gene duplication 
associated with self-incompatibility has been described previously in Petunia axillaris (Tsukamoto et al., 2005). 
 
Identification and Characterization of SLF genes in Petunia inflata 
BLAST queries of the Petunia inflata genome assembly, carried out in the same manner as for Petunia axillaris, 
gave an even greater number of putative SLF hits. At least 29 identified genes appear to encode true SLF 
proteins, using the same criteria as above. Three gene regions (scaffold 01586, SLF7-3; scaffold 01751, SLF12_2 
and scaffold 01501, SLF15_2) are apparent pseudogenes, as none encode a functional open reading frame. In 
the case of SLF7_3 a single nucleotide insertion at position 360 results in a frame-shift. As was the case for 
Petunia axillaris, several of the SLF genes are linked on the same scaffold. We have identified five linkage 
clusters, including SLF1-1 with SLF8-1 and SLF12_2(ψ), SLF1-2 with SLF12_1, SLF5-2 with SLF14_1, SLF7-3(Ψ) with 







Figure 5. Linkage of SLF variants in Petunia axillaris N and Petunia inflata S6. The diagrams show a schematic of linked SLF variants 
found on the same scaffolds for Petunia axillaris N and for Petunia inflata S6. Individual scaffolds are numbered with the identity and 
orientation of different SLF variants found on the scaffolds shown by arrowheads. Depiction of the size of individual SLF variants is not to 
scale. Approximate distances between SLF variants is depicted by the scale at the top of the figure. Only that portion of individual 
scaffolds containing SLF variants is shown. 
 
Table 2. Summary of SLF and S-RNase BLAST queries in Petunia inflata. Scaffold identities and coordinates 
and best BLASTp hits are shown for identified SLF and S-RNase genes for “S6" Petunia inflata. Linked regions are 
color-coded. 
 
Gene Scaffold Size Coordinates Best BLASTp Hit BLAST
p %ID 
Class 
SLF1-1 01751 453812 144819-146092 (+) AIK66522, S6a-SLF1 99 SLF1 
SLF1-2 01976 214490 4694-5969 (+) ADD21612, S1-SLF1 95 SLF1 
SLF2-1 01991 197077 278634-279788 (+) AIK66498, S3-SLF2 90 SLF2 
SLF2-2 01973 296567 153541-154695 (-) BAQ19037, Sm-SLF2 83 SLF2? 
SLF3 01923 159365 5575-6582 (+) BAQ18957, S10-SLF3 96 SLF3 
SLF4-1 00922 184426 64033-65244 (-) BAJ24865, S7-SLF4 96 SLF4 
SLF4-2 05340 224001 129825-131051 (+) BAJ24865, S7-SLF4 93 SLF4 
SLF5-1 01516 657630 644401-645570 (+) BAQ19039, Sm-SLF5 96 SLF5 
SLF5-2 01646 115327 3200-4369 (+) BAQ19039, Sm-SLF5 96 SLF5 
SLF6-1 01506 144469 61311-62492 (+) BAJ24881, S19-SLF6 95 SLF6 
SLF6-2 00996 461697 107014-108195 (-) BAJ24881, S19-SLF6 96 SLF6 
SLF7-1 00080 221173 3893-5071 (-) ABX82526, S2-SLFLa 99 SLF7 
SLF7-2 00526 752603 259704-260882 (-) BAQ18970, S11-SLF7 98 SLF7 
SLF7-3Ψ 01586 859704 334991-336167 (+) BAQ19025, S0m-SLF7 79 pseudogene 
SLF8-1 01751 453812 50755-51939 (+) BAQ18935, S7-SLF8 97 SLF8 
SLF8-2 03408 108618 69122-70303 (+) BAQ18935, S7-SLF8 88 SLF8? 
SLF9-1 01995 82553 62151-63281 (-) BAQ18945, S9-SLF9 97 SLF9 
SLF9-2 01799 514228 140243-141373 (-) BAQ18945. S9-SLF9 98 SLF9 
SLF10 01608 234268 115426-116565 (+) AAR15915, S2-A134 99 SLF10 
SLF11-1 04466 242965 204665-205837 (+) AIK66454, S6a-SLF11 99 SLF11 
SLF11-2 00431 165049 14066-15178 (+) BAQ18974, S11-SLF11 95 SLF11 
SLF12-1 01976 214490 142523-143704 (+) AIK66458, S6a-SLF12 100 SLF12 
SLF12-2Ψ 01751 453812 177587-179429 (+) AIK66458, S5-SLF12 71 pseudogene 
SLF13-1 01216 514760 360226-361392 (+) AIK66464, S6a-SLF13 99 SLF13 
SLF13-2 02268 142811 121932-123095 (-) BAQ19014, S22-SLF13 96 SLF13 
SLF14-1 01646 115327 30658-31851 (+) AIK66469, S6a-SLF14 99 SLF14 
SLF14-2 01246 26952 6131-7324 (-) AIK66469, S6a-SLF14 99 SLF14 
SLF15-1 16932 4714 563-1723 (+) AIK66475, S12-SLF15 96 SLF15 
SLF15-2Ψ 01501 1043979 485372-486154 (-) AIK66472, S3-SLF15 84 pseudogene 
15 
 
SLF16-1 01216 514760 214995-216155 (-) AIK66479, S6a-SLF16 100 SLF16 
SLF16-2 01586 859704 501814-502983 (+) BAQ18940, S7-SLF16 77 SLF16 
SLF17 00041 2522227 1710310-1711476 (+) BAQ18941, S7-SLF17 99 SLF17 
S6-RNase 01010 272190 153855-154627 (+) AAA60466, S3-RNase 91 S6-RNase 
 
 
Phylogenetic comparison of SLF gene sequences 
To analyze similarities among different SLF variants, we used MEGA6 (Tamura et al., 2013) to carry out a 
phylogenetic comparison of all of the SLF variants identified in Petunia inflata S6 and Petunia axillaris N. This 
analysis (Figure 6) identified 6 clades supported by bootstrap values greater than 72% of 1000 bootstrap 
replicates. The identified clades contained the following SLF varants. Clade 1: SLF 7, SLF14, SLF15, SLF16, SLF17. 
Clade 2: SLF3, SLF11, SLF13. Clade 3: SLF9, SLF10, SLF18, SLF19, SLF20. Clade 4: SLF1, SLF2. Clade 5: SLF8. Clade 
6: SLF4, SLF5, SLF6.  
  
 
Figure 6. Maximum likelihood phylogenetic relationships between SLF variants from Petunia axillaris N and 
Petunia inflata S6 were produced using MEGA6. The scale bar at the bottom shows the number of substitutions 




Having completely assembled and annotated genomic DNA sequences for Petunia inflata and Petunia axillaris 
will provide an abundance of information that should enhance investigations on the organization and expression 
of the S-locus and on the functional mechanisms involved in self versus non-self recognition in gametophytic 
self-incompatibility. In a preliminary analysis of the sequence assemblies for the two genomes, we carried out 
BLAST queries to identify S-RNase and SLF genes presumed to be encoded and linked to the S-locus. Numerous 
SLF genes (19 in Petunia axillaris and 29 in Petunia inflata) were identified. These included sequences nearly 
identical to previously identified SLF genes as well as several new SLF genes which likely encode additional SLF 
variants beyond those currently identified. One of the challenges of GSI research will be to determine if all of the 
putative SLF genes are expressed and if some or all of them function in self-incompatibility recognition (via 
interactions with S-RNase proteins). As predicted from current models for the structure of the S-locus, many of 
the SLF genes identified were linked to each other; at least one SLF gene in Petunia axillaris was found on the 
same DNA scaffold as the S-RNase gene in this species. Although the quality of the sequence assembly for these 
two genomes did not allow assembly of a complete “virtual” S-locus, it is likely that a complete S-locus can be 
assembled using these data combined with screens of BAC libraries. Recently, an analysis of SLF genes in the 
completed tomato and potato genomes has indicated that the approximate size of the S-locus is 14.5 Mb and 
17.9 Mb, respectively (Kubo et al., 2015). Adding together all the SLF-bearing scaffold sizes in Petunia axillaris 
gives a total minimum size of approximately 8.0 Mb. A similar analysis of SLF-bearing scaffold sizes in Petunia 
inflata gives a total minimum size of  approximately 11.3 Mb; this is consistent with a significant duplication in 
Petunia inflata. Until the scaffolds are connected, it is not possible to accurately compare the scale of these S-
loci, but in Petunia it would appear to be of comparable size to that observed in Solanum. 
 
Analysis of S-RNase-encoding genes in Petunia inflata S6 and Petunia axillaris N showed single copies of the S-
RNase, as expected from the fact that both of these lines were homozygous. The S-RNase in Petunia inflata 
appears to be an as yet uncharacterized S-RNase. The most closely related characterized S-RNase to the one 
identified is the S3-RNase of Petunia hybrida (Q40875, Okuley and Sims, 1994). As these two S-RNases differ by 
20 amino acids, with 10 of the differences occurring in the HVa and HVb hypervariable regions known to play a 
major role in determining allele specificity (Matton et al, 1997), it is extremely likely that this S-RNase encodes a 
different recognition specificity than any previously published and characterized S-RNase. By contrast, we found 
that the S-RNase in N Petunia axillaris was nearly identical (99% nucleotide sequence identity across the entire 
gene and 5' and 3' flanking regions) to that of the S1-RNase of Petunia hybrida. That result shows that self-
incompatibility in the cultivated garden petunia can be inherited from both of the progenitor species to Petunia 
hybrida, Petunia inflata and Petunia axillaris. Because S1-Petunia hybrida is completely self-incompatible and 
never sets seed on self-pollination, whereas the sequenced Petunia axillaris N line is completely self-compatible, 
setting large seed capsules on selfing (Sims, unpublished), it will be instructive to closely compare the structure 
and expression of the S-loci in these two lines to determine the molecular basis for GSI breakdown. 
 
We identified at least 20 different SLF variants in the two species analyzed, but not all SLF variants were present 
in each species. For example, Petunia axillaris N lacked SLF7, SLF9 and SLF11 whereas Petunia inflata S6 lacked 
SLF18, SLF19 and SLF20. Whereas the SLF variants in Petunia axillaris were mostly single genes, nearly all of the 
SLF variants in Petunia inflata were found as two closely-related copies that mapped to different scaffolds. This 
suggests that the S-locus in Petunia inflata S6 may have undergone a recent duplication event compared with 
Petunia axillaris. Supporting that suggestion is the finding that the estimated size of S-locus-containing scaffolds 




Seeds of Petunia inflata line S6 and Petunia axillaris line N were obtained from the Free University of 
Amsterdam. Plants used for DNA extraction were grown axenically in tissue culture containers (Ball 
Horticulture). Mature plants (leaves and stems) were harvested, flash-frozen in liquid nitrogen and stored at -
80C until used for DNA extractions. 
 
DNA Extractions 
Plant material (approximately 15 g) was extracted using a modification of methods designed to isolate high 
molecular weight DNA from nuclei (Fisher and Goldberg, 1982; Carrier et al., 2011). Briefly, frozen plant material 
was homogenized in a blender with liquid nitrogen until a fine powder was obtained. Powdered material was 
thawed in 1X SEB plus mercaptoethanol (10 mM Tris pH 8.0, 100 mM KCl, 10 mM Na2EDTA, 0.5 M sucrose, 4 mM 
spermidine, 1 mM spermine, 0.13% carbamic acid, 0.25% PVP-40, 0.2% β-mercaptoethanol), then filtered 
through Nitex mesh. Triton X-100 was added to 0.5% and nuclei isolated and washed by repeated low speed 
centrifugation and washing with SEB. Nuclei were lysed by adding an equal volume of NLB (2% Sodium N-lauryl 
sarcosine, 40 mM Na2EDTA, 0.1 M Tris-HCl pH 8.0 and 1mg/ml proteinase K) followed by incubation at 55 C for 1 
hour. Cesium chloride was added to 50% w/w along with ethidium bromide to a final concentration of 0.4%. 
DNA gradients were centrifuged in a 70.1 Ti rotor at 40,000 rpm for 36 hours followed by re-banding in a VTi 
65.2 rotor at 60,000 rpm for 6 hours. Ethidium bromide was removed by extraction with SSC-saturated 
isopropanol and the remaining solution dialyzed against TNE (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 0.1 mM 
EDTA) for 24 hours. DNA was precipitated, washed with 70% ethanol, dried and resuspended in EB (10 mM Tris 
pH 8.0) to a final concentration of 150 μg/ml. 
 
DNA Sequencing 
DNA libraries (two 1000 bp paired-end, two 8 kb and two 15 kb mate-pair) were constructed at the University of 
Illinois Roy J. Carver Biotechnology Center. Paired-end libraries were sequenced on two lanes of HiSeq 2000 and 
the mate-pair libraries sequenced on a single HiSeq 2500 lane. 
 
DNA Assembly and Annotation   
DNA sequences for both Petunia inflata and Petunia axillaris were combined with previous raw reads produced 
by BGI-Shenzen for the Petunia Genome Project and assembled using SOAPdenovo2 (Luo et al., 2010). For 
Petunia axillaris, the Illumina data were combined with PacBio data to produce the final genome assembly. 
MAKER (Cantarel et al 2008) was used to annotate predicted transcript and protein sequences. 
 
Identification and manual annotation of S-RNase and SLF gene sequences 
Known S-RNase sequences (S1-RNAse, S3-RNase) from Petunia hybrida (Clark et al., 1990) were used in BLASTn 
and BLASTp (Altschul et al., 1990) searches of the assembled scaffolds for Petunia axillaris and Petunia inflata. 
Individual scaffold regions were used in pairwise alignment against known S-RNase mRNA and gene sequences 
and analyzed for open reading frames. Multiple approaches were used to identify potential SLF coding genes. 
Initially, all known SLF genes of a particular variant class (SLF1 to SLF8, Kubo et al., 2010) were aligned to identify 
conserved regions unique to a particular SLF variant class (Figure 4). Those conserved sequences were then used 
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as BLASTn probes against the assembled genomes to identify scaffold regions homologous to a particular SLF 
variant. In addition, other known SLFL genes (Wang et al 2003), DDX genes from Nicotiana alata (Wheeler and 
Newbigin 2000), SLF-S3B (Qiao et al 2004) and S2-SLFx (Li et al 2014) were used as BLASTn probes. BLASTn 
queries used an Expect value of 10. Scaffold regions identified by BLASTn queries were used as input into the 
Translate program of ExPASy to identify open reading frames. Translated protein sequences were then used in 
BLASTp queries of GenBank to identify the most closely-related proteins. Conserved domains were identified 
using a combination of BLASTp and InterPro Scan 5 (Jones et al. 2014).  
 
Phylogenetic comparison of SLF variants 
Manually annotated SLF variants from Petunia axillaris N and Petunia inflata S6 were used as input to the 
MEGA6 phylogenetics analysis program (Tamura et al., 2013). Sequences were aligned using ClustalW and the 
alignment used as input to the MEGA6 maximum likelihood phylogenetics analysis program, using the bootstrap 
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